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ChapterChapter 1 

Scopee of the thesis 

Plasminogenn activator inhibitor 1 (PAI-1) is a regulatory protein that plays a crucial 
rolee in setting the balance between two opposite physiological processes, blood 
coagulationn and fibrinolysis. For that purpose, PAI-1 inhibits the activation of the 
fibrinolyticfibrinolytic  system and thus the dissolution of a thrombus. Conversely, it has been 
reportedd that a PAI-1 deficiency causes a (moderate) bleeding disorder in humans. The 
fibrinolyticc system is a cascade of proteolytic enzymes that have to be activated to 
exertt their function. In plasma, the target proteinase of PAI-1 is tissue-type 
plasminogenn activator (t-PA), the major activator of the fibrinolysis. The primary aim 
off  this thesis is a detailed elucidation of the t-PA - PAI-1 interaction mechanism. 
Insightt in this mechanism not only teaches us specific molecular aspects of PAI-1, but 
alsoo serves to acquire structural and functional knowledge of the serine proteinase 
inhibitorr ("serpin") family to which PAI-1 belongs. The serpin family contains more 
thann 130 homologous proteins, involved in the regulation of a wide variety of critical 
processess in human physiology, e.g. blood coagulation, fibrinolysis, complement 
activationn and inflammation. 

InIn addition to inhibiting t-PA, complexes of PAI-1 and the adhesive glycoprotein 
vitronectinn (Vn) also inhibit the serine proteinase thrombin. The second aim of this 
thesiss is to determine the mechanism of this interaction and its potential physiological 
relevance.. The working hypothesis was that PAI-1 /Vn complexes would inhibit the 
mitogenicc activity of thrombin, a mechanism that would be particularly relevant in the 
vessell  wall of atherosclerotic arteries. Therefore, human atherosclerotic specimens 
weree analyzed for the co-localization of PAI-1, Vn and thrombin antigen and activity. 
Knowledgee of this interaction can potentially result in new targets to treat the 
progressionn of atherosclerosis. 

InIn conclusion, this thesis should be considered as a biochemical and molecular 
biologicall  analysis of structure-function relationships of PAI-1. It emphasizes on the 
onee hand the structural requirements of PAI-1 for interaction with t-PA or thrombin 
andd on the other hand the methodology to study these interactions. With respect to the 
latterr issue, a novel procedure was developed to construct hypermutated libraries that 
aree exposed on bacteriophages. Finally, since both inhibition and administration of 
PAI-1PAI-1 could be of potential clinical benefit, in depth knowledge of PAI-1 structure and 
functionn may be of importance in the future development of PAI-1 agonists or 
antagonistss to combat defined pathologies, e.g. thrombosis and atherosclerosis. 

10 0 



GeneralGeneral Introduction 

Thee roles of PAI-1 in patho-physiological processes 

PAI-11 as a regulator of fibrinolysis 

Plasminogenn activator inhibitor type 1 (PAI-1) is the principal inhibitor of fibrinolysis, 
throughh inhibition of both tissue-type- and urokinase-type plasminogen activators (t-
PAA and u-PA) (review: van Meijer & Pannekoek, 1995). These plasminogen activators 
cann convert the zymogen plasminogen into active, fibrin-cleaving plasmin and thereby 
inducee fibrinolysis and thrombolysis (Figure 1). PAI-1 was first identified as an anti-
activatorr of u-PA in rabbit endothelial cells (Loskutoff & Edgington, 1981), and 
subsequentlyy also in human plasma (Kruithof et al., 1984). The obvious relevance of 
PAI-11 in the regulation of fibrinolysis sparked wide interest in it, and cumulated in the 
simultaneouss cloning of PAI-1 cDNA by three different groups (Ny et al., 1986; 
Ginsburgg et al, 1986; Pannekoek et al., 1986). Ever since, PAI-1 has been the subject 
off  a vast number of studies that have further defined its role in a variety of patho-
physiologicall  processes. Especially, evidence that PAI-1 deficiency is involved in 
bleedingg disorders in humans and experiments conducted in mice that either lack or 
overexpresss PAI-1 have substantiated the role of PAI-1 as the principal physiological 
inhibitorr of fibrinolysis. 

Figuree 1. Schematic 
representationn of the fibrinolytic 
system.. t-PA converts 
plasminogenn into plasmin, 
whichh can subsequently degrade 
fibrin.. The fibrinolytic system 
cann be inhibited by either PAI-1 
orr ot2-anti-plasmin (a2-AP). 

Fibrinn Fibrin degradation 
products s 

Thee first direct link between decreased PAI-1 activity and disordered hemostasis 
comescomes from the characterization of a patient with hyperfibrinolysis due to a deficiency 
inn PAI-1 activity. Since, PAI-1 antigen levels did not differ from control subjects this 
deficiencyy most likely was due to a functionally abnormal PAI-1 protein (Schleef et 
al.,al., 1989). Unfortunately, the exact molecular cause of this functional abnormality was 
neverr established. In addition, two other hyperfibrinolytic patients were described 
containingg normal platelet PAI-1 levels, however, completely lacking plasma PAI-1 
activityy or antigen (Lee et al., 1993; Dieval et al., 1991). These studies underscored 
thee importance of PAI-1 compartmentalization in defining its function and stressed the 
dominantt role of plasma PAI-1 in hyperfibrinolytic patients. Finally, a firm link 

t-PA A 

1 1 

Plasminogenn Plasmin 

Jll—— a2-AP 
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ChapterChapter 1 

betweenn defective expression of PAI-1 and human disease was established in a patient 
displayingg abnormal bleeding and a complete PAI-1 deficiency. This deficiency was 
causedd by a homozygous frameshift mutation within the PAI-1 gene and resulted in a 
prematuree stop codon (Fay et aL, 1992). Characterization of a large kindred with this 
nulll  mutation in the PAI-1 gene demonstrated that clinical manifestation of PAI-1 
deficiencyy was restricted to abnormal bleeding, which was observed only after trauma 
orr surgery in homozygous affected individuals. No significant developmental or other 
abnormalitiess were detected in these patients (Fay et aL, 1997). These findings support 
thee hypothesis that the primary function of PAI-1 in vivo is to regulate vascular 
fibrinolysis. . 

Too obtain additional information on the physiological role of PAI-1, both PAI-1 -
deficientt and transgenic PAI-1-overexpressing animals were made and investigated for 
effectss on hemostasis, thrombosis and thrombolysis. Transgenic mice developed 
necroticc tail tips and swollen hind feet. By histological analysis, both symptoms were 
determinedd to be the result of venous occlusions and this correlated with the presence 
off  the PAI-1 transgene (Erickson et aL, 1990). Conversely, PAI-1-deficient mice 
showedd a faster lysis of pulmonary plasma clots and developed venous thrombi after 
injectionn of endotoxin less frequently than their wild-type counterparts (Carmeliet et 
aL,aL, 1993ft). Although patients with PAI-1 deficiencies suffer from moderate bleeding 
disorders,, such symptoms were not documented in PAI-1-deficient mice. As in 
humans,, no effect of PAI-1 on viability, fertility and abnormalities in organogenesis or 
developmentt could be observed in mice (Carmeliet et aL, 1993a). Further details on 
thee function of PAI-1 in thrombolysis were obtained in PAI-1-deficient mice with 
pulmonaryy fibrosis, arterial thrombosis and vascular thrombosis induced by 
bleomycin,, ferric chloride and rose Bengal, respectively (Eitzman et aL, 1996a; 
Farrehii  et aL, 1998; Zhu et aL, 1999; Eitzman et aL, 2000). In all cases, PAI-1 
deficiencyy accelerated the clot-lysis time and further established PAI-1 as a major 
inhibitorr of thrombolysis. 

Supportt for a causal relationship between impaired fibrinolytic function and 
myocardiall  infarction (MI), as a result of increased levels of PAI-1 activity, was 
obtainedd from follow-up studies of men who had survived a MI before the age of 45 
(Hamstenn et aL, 1985 and 1987). These studies suggested that a high plasma level of 
PAI-1PAI-1 activity is independently related to reinfarction within three years of a primary 
event.. In this context, the finding of a common dimorphism in the PAI-1 promoter 
(4G/5G)) (Dawson et aL, 1993), that is associated with increased levels of PAI-1 
antigenn and activity, triggered studies to correlate PAI-1 genotype and clinical 
outcome.. Although one study linked prevalence of the 4G allele with MI before the 
agee of 45 (Eriksson et aL, 1995), others failed (Ye et aL, 1995; Henry et aL, 1998). In 
addition,, no association between PAI-1 genotype and arterial or venous thrombosis 
wass found (Ridker et aL, 1997), except in patients with combined Protein S deficiency 
(Zollerr et aL, 1998). Before PAI-1 can be regarded as a risk factor in the conventional 
epidemiologicall  sense, its relationship to MI and angina pectoris should be 
demonstratedd in prospective studies of healthy populations. So far, only a prospective-
multicenterr study of patients with angina pectoris, the ECAT study, has been 
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performedd and this study did associate higher baseline concentrations of PAI-1 with an 
increasedd incidence of cardiovascular events. However, this association disappeared 
afterr adjustment for parameters reflecting insulin resistance (e.g. body mass index, 
triglyceridess and history of diabetes) (Juhan-Vague et al, 1996). Hence, the relevance 
off  PAI-1 as an independent risk factor in MI, angina pectoris, arterial and venous 
thromboembolismm remains controversial. 

Ann association of elevated concentrations of PAI-1 with the development and 
outcomee of sepsis has been suggested in different reports. Sepsis is defined as a 
systemic,, inflammatory response to infection associated with and mediated by the 
activationn of a number of host-defense mechanisms, including the cytokine network, 
leukocytess and the complement, coagulation and fibrinolytic systems. In the more 
severee cases of septic shock, widespread deposition of fibrin in the microvasculature 
off  various organs is commonly found, also called disseminated intravascular 
coagulationn (DIC) (Glauser et al, 1991; Bone, 1992; Levi et al, 1993). The first 
retrospectivee study of patients with septic shock observed that PAI-1 levels were 
significantlyy higher in patients with fatal outcome in the first week after onset of septic 
shockk than in survivors (Pralong et al., 1989). This observation was substantiated in 
otherr studies (Hesselvik et al., 1989; Brandtzaeg et al., 1990; Paramo et al., 1990), and 
especiallyy in a prospective study in patients with a chemotherapy-induced 
leukocytopeniaa at the onset and during the course of septicemia. In this last study, 
PAI-11 activity of > 5U/ml at the onset of fever predicted a lethal outcome with a 
sensitivityy of 92% and a specificity of 100%. Hence, elevated PAI-1 activity 
measurementss are sensitive markers of an unfavorable prognosis (Mesters et al, 
1996).. The first indication that the observed correlation between elevated PAI-1 
activityy measurements and clinical outcome are not merely prognostic, but also 
potentiallyy causal, was found in a prospective study of children with meningococcal 
septicc shock (Kornelisse et al, 1996). In these children, the balance between pro-
inflammatoryy cytokines (TNFot, IL-6, IL-8) and counter-inflammatory compounds 
(IL-10,, sTNFR-55, sTNFR-75) were studied in relation to indicators of hemostasis and 
clinicall  outcome. PAI-1 levels correlated with TNFcc concentrations and were about 
two-foldd higher in non-survivors at a similar TNFot concentration. Therefore, inter-
individuall  differences in responsiveness to TNFot may contribute to increased PAI-1 
levelss and to the outcome of patients with meningococcal septic shock (Kornelisse et 
al,al, 1996). The common polymorphism (4G/5G), at position -675, in the PAI-1 
promoterr is important for regulation of transcription. The 4G allele results in a six-fold 
higherr transcription level than the 5G allele in response to interleukin-1. Consequently, 
individualss homozygous for the 4G allele have higher basal and inducible 
concentrationss of PAI-1 than those with one or two copies of the 5G allele (Dawson et 
al,al, 1993). This is explained by the loss of an essential binding site for a repressor-like 
proteinn to the AG allelic sequence (Eriksson et al, 1995). Two large studies evaluated 
thee effects of this PAI-1 polymorphism and the risk of meningococcal septic shock 
(Westendorpp et al, 1999; Hermans et al, 1999). Both studies determined that 
variationn in the PAI-1 gene does not affect the probability of contracting 
meningococcall  infection, but does influence the development of septic shock. Children 
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withh the 4G/4G genotype, developed a more severe coagulopathy and had a greater 
riskrisk of death (rr 2.0) if they acquired meningococcal sepsis (Hermans et al, 1999). 
Thiss strongly suggests that overproduction of PAI-1 may be an important event, 
contributingg to the widespread, intravascular thrombosis found in patients with septic 
shock. . 

Finally,, PAI-1 has been proposed to form a potential link between the renin-
angiotensinn system and thrombosis (Ridker et al, 1993). Several large scale heart 
failuree and post-MI trials {e.g. SAVE (Pfeffer et al, 1992) and SOLVD (Yusuf et al, 
1992)) and HOPES (Yusuf et al, 2000) have all shown a reduction of 7 to 9 % per year 
inn the rate of MI during long term treatment with angiotensin-converting enzyme 
(ACE)) inhibitors. The mechanisms underlying this reduction in coronary, thrombotic 
eventss are unknown. However, different studies indicate that ACE inhibitors, through 
reducedd conversion of angiotensin to angiotensin II , lower plasma PAI-1 levels after 
acutee MI and that they may help maintain the balance of endogenous regulators of 
plasminogenn activation toward thrombolysis (Vaughan et al, 1997; Wright et al., 
1994).. This hypothesis is underscored by the observation that infusion of physiological 
concentrationss of angiotensin II (Ang II) promotes a rapid and dose-dependent 
increasee in plasma PAI-1 levels in humans (Ridker et al., 1993). Conversely, treatment 
off  patients with Ang II type 1 receptor antagonists decrease PAI-1 activity by 50% 
(Goodfieldd et al, 1999). In vitro studies have demonstrated that Ang II induces PAI-1 
productionn in brain astrocytes (Olson et al, 1991), endothelial cells (Vaughan et al, 
1995;1995; Kerins et al, 1995) and vascular smooth muscle cells (van Leeuwen et al, 
1994),, and that induction could be blocked by Ang II or Ang IV-receptor antagonists. 
Althoughh the clinical significance of the observed reduction in PAI-1 activity levels is 
stilll  controversial, it is tempting to assume that the observed effects of treatment with 
ACEE inhibitors on the regulation of vascular fibrinolysis may contribute to the clinical 
benefitss of ACE inhibition in coronary thrombosis. 

PAI-11 as regulator  of plasminogen activator-mediated proteolysis 

Inn addition to the established role in fibrinolysis, PAI-1 has been suggested to regulate 
plasminogenn activator (PA)-mediated proteolysis {e.g. in cancer-cell metastasis and 
tissuee remodeling). Degradation of extracellular matrix (ECM) components is a 
prerequisitee for invasion and metastasis of cancer cells. A variety of proteolytic 
enzymess may be involved in ECM degradation, such as those of the 
plasminogen/plasminn system and the matrix metalloproteinases (MMPs). Of special 
interestt is urokinase (u-PA) that is expressed at high levels by a variety of neo-plastic 
cellss and is considered a critical element for the invasive phenotype of metastasing 
cells.. In addition, multiple clinical studies have linked elevated levels of both u-PA 
andd PAI-1 with an aggressive phenotype in cancer invasion and metastasis, which 
correlatedd with poor prognosis (review Schmidt et al, 1997). Both u-PA and PAI-1 
belongg to the strongest prognostic markers for disease recurrence and overall survival 
inn a variety of cancers {e.g. in breast and gastrointestinal tract cancers). However, a 
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pointt of discussion is whether the observed elevations of PAI-1 levels are a cause or a 
consequencee of the aggressive phenotype of these cancer cells. For example, the 
observedd increases in PAI-1 levels may be a protective response to the elevated u-PA 
levels.. So far, both in vitro and in vivo studies have attempted to challenge the 
discrepancyy between the conceptual idea that PAI-1 inhibits u-PA mediated 
proteolysiss and the observation of increased PAI-1 levels in patients with poor 
prognosis. . 

Inn different types of cancers, PAI-1 inhibits the activity of u-PA and studies, using 
murinee melanoma cells that overexpress PAI-1, have demonstrated marked attenuation 
off  matrix degradation, presumably by inhibition of u-PA activity (Cajot et ah, 1990). 
Differentt studies in mouse models have been performed to determine whether PAI-1 
expressionn may also inhibit the tumor-associated u-PA activities in vivo. 
Overexpressionn of PAI-1 was introduced locally by adenovirus-mediated gene transfer 
(Maa et ah, 1997) and by stable transfection of an aggressive, human prostate 
carcinomaa cell line (Soff et ah, 1995) or systemically in transgenic mice (Eitzman et 
ah,ah, 19966). In an in vivo model of prostate carcinoma, using athymic mice and 
geneticallyy altered PC-3 tumor cells, PAI-1 expression was modulated. Increased 
expressionn of PAI-1 resulted in reduced growth of primary tumors, a partial inhibition 
off  tumor-associated angiogenesis, and reduced numbers of liver and lung metastases, 
presumablyy by inhibition of u-PA activity (Soff et ah, 1995). Comparable results were 
reportedd for inhibition of metastasis of intraocular melanomas by adenovirus-mediated 
genee transfer of PAI-1 in athymic mice. In this study, 50% reduction of the number of 
animalss developing liver metastases and a 78% reduction in metastic tumor burden in 
animalss that eventually did develop metastases were observed. However, no 
differencess in the overall size of the intraocular melanomas were detected. (Ma et ah, 
1997).. In contrast to these studies, PAI-1-overexpressing and PAI-1-deficient mice 
demonstratedd no significant difference in primary tumor size, number of pulmonary 
metastasess or overall survival after intravenous inoculation of B16 melanoma cells 
(Eitzmann et ah, 19966). A possible explanation for the observed discrepancy between 
thee different studies could be the local expression of PAI-1 in transfected tumor cells 
inn the first two studies versus the systemic expression of PAI-1 in the genetically 
alteredd mice in the last. In addition, also a plasminogen (Plg)-deficient genetic 
backgroundd does not prevent metastasis of a primary Lewis Lung carcinoma to a 
varietyy of organs (Bugge et ah, 1997). Therefore, future experiments using tumors 
derivedd from both PAI-1- and Pig-deficient and transgenic mice, respectively, should 
aidd in dissecting the role of tumor versus host PAI-1 and Pig. In conclusion, neither in 
vitrovitro nor in vivo experiments demonstrated a correlation between increased PAI-1 
expressionn levels and accelerated tumor metastasis. Moreover, increased PAI-1 levels 
weree either neutral or even protective. This makes it difficult to support a causal 
relationshipp between elevated levels of PAI-1 and a mechanism by which PAI-1 would 
bee responsible for poor prognosis in different cancers. 

Expansionn of atherosclerotic abdominal aneurysm (AAA) has also been attributed 
too remodeling of the ECM by active proteolysis, presumably by destruction of the 
connectivee tissue in the media. The current view is that the majority of aortic 
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aneurysmss are associated with atherosclerosis (Reed et al, 1992). However, AAA is a 
congenitallyy linked disease and also under genetic influences unrelated to lipid-related 
riskk factors for atherosclerosis (Baird et al, 1995). Initially, in situ hybridization and 
histologicall  experiments showed enhanced expression of fibrinolytic genes and matrix 
metalloproteinasess (MMP) in AAA (Schneiderman et al, 1995, 1998). These studies 
identifiedd dramatic up-regulation of fibrinolysis at sites of inflammatory infiltrates in 
thee AAA wall, which may focalize plasmin generation and proteolysis leading to local 
degradationn of ECM and expansion of aortic aneurysms. Mouse models have further 
supportedd the relevance of u-PA and PAI-1 in regulating neointima formation. After 
electricc or mechanical arterial injury, mice with u-PA deficiency, but not with t-PA 
deficiency,, had reduced neointimal cell accumulation, most likely via failure of 
smoothh muscle cells (SMCs) to migrate into the injured area (Carmeliet et al, 1997üf). 
Inn contrast, the observed effect was reversed when the same experiments were 
performedd with PAI-1- deficient mice. In the latter situation, SMC migration was 
enhanced,, an effect that could be inhibited by administration of an adenovirus that 
expressess human PAI-1 (Carmeliet et al, \991b). In addition, analysis of 
atheroscleroticc aortas in combined Apolipoprotein E- and u-PA-deficient mice, 
indicatedd that deficiency of u-PA protected against media destruction and aneurysm 
formation,, probably by reducing plasmin-dependent activation of pro-MMPs 
(Carmeliett et al, 1997c). This opinion was substantiated in guinea pig-to-rat aortic 
xenografts,, a model for aneurysm development, that could be protected from rupture 
byy seeding of SMCs that had been transduced with a retrovirus expressing either PAI-
11 or tissue inhibitor of matrix metalloproteinases 1 (TIMP-1) (Allaire et al, 1998<3,£). 
Finally,, temporal administration of both PAI-1 and TIMP-1 completely protects wild-
typee mice against cardiac rupture in a mouse model for acute MI (Heymans et al, 
1999).. Taken together, these results point to PAI-1 as a major regulator of u-PA-
mediatedd ECM proteolysis and may trigger the design of future therapeutic strategies 
aimedd at preventing aortic-wall destruction. 

PAI-11 as regulator  of vitr o nee tin-media ted cell adhesion and migration 

Thee adhesive glycoprotein vitronectin (Vn), present at high concentrations in blood 
(200-4000 Jlg/ml), is the primary PAI-1 binding protein in plasma (review Preissner & 
Seiffert,, 1998). It specifically binds active PAI-1 with high affinity (KD = 0.3 nM) and 
stabilizess the biological activity two- to four fold (Declerck et al, 1988). This Vn-
mediatedd stabilization of PAI-1 may be of particular relevance in regulating 
fibrinolysis,, since all fibrin-associated PAI-1 co-localizes with fibrin-bound Vn (Podor 
etet al, 2000). Furthermore, Vn-deficient mice show enhanced clot lysis, when 
comparedd to wild-type mice, (Eitzman et al, 2000) which may be due to reduced PAI-
11 stability or diminished association of PAI-1 to fibrin. 

Alternatively,, in vitro experiments have implicated PAI-1 in the regulation of Vn-
mediatedd cell adhesion and migration. Vn is directly involved in cell adhesion through 
itss capacity to bind two different classes of adhesion receptors, i.e. the GPI-anchored 

16 6 

file:///991b


GeneralGeneral Introduction 

urokinasee receptor (uPAR) (Wei et al.y 1994) and a set of integrals, especially 0^3 
andd Ovp5 (review Hynes, 1992). Regulation of Vn-mediated cell adhesion by PAI-1 is 
possiblee through overlapping binding sites on Vn for PAI-1, uPAR and integrins. Both 
PAI-11 and uPAR bind to the N-terrainally located somatomedin B domain (SMB) on 
Vnn and compete for binding (Seiffert & Loskutoff, 1991; Deng et al., 1996). 
Consequently,, low concentrations of active, but not latent or cleaved, PAI-1 can 
rapidlyy release uPAR-expressing cells from their attachment to Vn and thereby 
influencee cell adhesion (Kanse et al., 1996; Waltz et al, 1997). Integrin-mediated 
migrationn is regulated by PAI-1 in a similar fashion. The integrin-binding site on Vn 
(Preissnerr et al, 1988) is located directly adjacent to the PAI-1-binding SMB domain. 
Sincee PAI-1 binding to Vn renders the RGD sequence inaccessible to integrins, it 
therebyy can block adhesion of cells to a Vn-containing matrix (Stefansson & 
Lawrence,, 1996; Kjellerer al, 1997; Germer et al, 1998). In contrast to the Vn -
uPARR interaction, PAI-1 can not compete cells once bound through integrins. 
Alternatively,, PAI-1 can be released from Vn either through cleavage or by complex 
formationn with serine proteinases, e.g. u-PA or thrombin. Consequently, the integrin-
bindingg site is again accessible for Vn and, subsequent, cell adhesion and migration. 
Thiss could be an alternative explanation for the enhanced cellular migration induced 
byy u-PA or thrombin (Stefansson & Lawrence, 1996; Kjolleref al, 1997). Although in 
vivovivo experiments have so far been limited and not able to determine the physiological 
relevancee of Vn-mediated adhesion, e.g. both uPAR- and Vn- deficient mice are viable 
andd show no developmental abnormalities (Dewerchin et al., 1996; Zheng et al., 
1997),, the in vitro experiments suggest intriguing concepts as illustrated in this 
paragraph. . 

Structuree and mechanism of PAI-1 

Serpins::  in general 

PAI-11 belongs to the gene family of serine proteinase inhibitors or serpins (Pannekoek 
etet al., 1986), a family arisen by divergent evolution over a period of about 500 million 
yearss (Travis & Salvesen, 1983). Most serpins are serine protease inhibitors involved 
inn the regulation of critical processes, e.g. blood coagulation, fibrinolysis, complement 
activationn and inflammation, although also non-inhibitory serpins such as hormone 
carrierss and angiotensinogen exist (Huber & Carrell '89). All together, over 130 serpin 
entriess can be found in the Swiss-prot data bank originating mainly from eukaryotic 
organisms,, but also from some viruses. The most conspicuous characteristic of serpins 
iss their highly-ordered tertiary structure of three P-sheets and nine a-helices with a 
dominantt p-sheet A and a mobile reactive center loop (RCL) that acts as a pseudo-
substratee for the cognate proteinase. These structural features were first visualized in 
thee three-dimensional (3D) structure of al-antitrypsin, which was solved by 
Loebermannn et al. (1984). Remarkably, in this cleaved structure the two residues that 
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formm the reactive center (PI and PI') were separated by 70 A, indicating that a major 
conformationall  change had taken place. This led the authors to hypothesize that in the 
activee conformation the RCL is positioned above the plane of the molecule. Cleavage 
off  the RCL would lead to insertion of the C-terminal part of the RCL into the central 
P-sheett A, giving rise to the six-stranded, anti-parallel p-sheet observed. Recent 
crystallographicc structures of active (Sharp et al, 1999; Nar et al, 2000), latent 
(Mortonenn et al, 1992) and peptide-inhibited PAI-1 (Xue et al, 1998) have confirmed 
thee hypothesis mentioned above and the major conformational changes that take place 
uponupon insertion of the RCL. The ultimate structure, that may finalize the discussion on 
serpinn function wil l be a co-crystal of a serpin and its cognate proteinase. This wil l 
reveall  if serpins adopt the same conformation, including full insertion of the RCL, 
whenn complexed as when cleaved. 

Thee vulnerability of distorting the delicate serpin structure by mutations was first 
highlightedd with the finding of a pathological variant of al-antitrypsin, also known as 
al-antitrypsinn Pittsburgh. This variant contained a single amino-acid substitution in 
thee reactive center (Met -> Arg) that converts it from an inhibitor of neutrophil 
elastasee to a highly effective thrombin inhibitor, thus explaining the bleeding disorder 
observedd in the patient (Owen et al, 1983). At present, a multitude of different 
mutationss (> 100) in serpins have been characterized that both explain the clinical 
symptomss observed in patients {e.g. thrombosis, emphysema and liver cirrhosis) and 
thee molecular structure and mechanism of serpins (review see Stein & Carrell, 1995). 
Takenn together, mutations can be categorized into four classes: 1) mutations leading to 
polymerizationn of the serpins, 2) mutations leading to changes in substrate specificity, 
3)3) mutations leading to changes in RCL mobility, and 4) mutations leading to loss of 
co-factorr activity. Notwithstanding all these possible areas of mutations in the delicate 
3DD structure, serpins have evolved as the template of choice for regulation of multiple 
criticall  processes in the physiology of higher organisms. The reason, therefore, may be 
basedd on the specificity and efficiency by which serpins inhibit their target proteinase. 

PAI-1 ::  mechanism 

Evenn though the overall structure of serpins is very similar, individual serpins are 
highlyy specific. The amino-acid sequence flanking the reactive center is considered the 
majorr determinant for target specificity (Owen et ah, 1983; Madison et al, 1990; 
Shermann et al, 1995; Tucker & Gerard, 1996; Gils & Declerck, 1997), although, other 
regionss in the serpin may also be involved (Lawrence et al, 1990). Furthermore, co-
factorss can modulate serpin specificity: the best known example is the acceleration of 
thee inhibition of thrombin by antithrombin III in the presence of heparin (Huber & 
Carrell,, 1989). This heparin-cofactor activity is widely used to treat thrombotic 
patients.. PAI-1-target specificity is also regulated by co-factors: both heparin and 
vitronectinn increase the second-order rate constant of inhibition for thrombin by two 
orderss of magnitude (Ehrlich et al, 1990, 1991). 
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Thee mechanism by which PAI-1 and other serpins are proposed to inhibit their 
targett proteases is a branched, suicide-substrate mechanism (Scheme 1) (Patston et al, 
1991;; Cooperman et al, 1993; van Meijer et al, 1997; Kvassman et al., 1998; 

EE + I* 
A A 

[1] ] 

(E-I)+ + 

(EE = enzyme; I = inhibitor; E-I = Michaelis complex; E-I° = acylation of E-I 
complex;; (E-I)+ = irreversibly inhibited E-I complex; I*  = cleaved inhibitor). 

Accordingly,, the enzyme E and inhibitor I form, in a reversible reaction, the 
Michaelis-likee E-I complex. Subsequently, the RCL peptide of the serpin can be 
cleavedd leading to the formation of an acyl-enzyme intermediate E-F. At this point, 
thee reaction mechanism branches resulting in two options. On the one hand, 
deacylationn of the acyl-enzyme intermediate can occur followed by release of free 
enzymee and cleaved inhibitor. After release, the cleaved RCL of the inhibitor folds 
intoo the central (3-sheet A, leading to the thermostable cleaved form of the serpin 
(Kvassmann et al., 1998; Lawrence et al., 2000). On the other hand, the RCL inserts 
rapidlyy into (3-sheet A with concomitant distortion of the enzymes' catalytic center and 
entrapmentt thereof in an irreversible complex (Wright & Scarsdale, 1995; Wilczynska 
etet al, 1997; Stratikos & Gettins, 1997; Plotnick et al, 1996). Consequently, in the 
finall  SDS-stable serpin:proteinase complex the PI' residue is accessible for N-
terminall  blocking (Lawrence et al, 1995; Wilczynska et al, 1995), while the exact 
positionn of the proteinase is still subject of debate (Shore et al, 1995; Aleshkov et al, 
1996;; Wilczynska et al, 1997). However, accumulating evidence supports the model 
byy Wright & Scarsdale (1995) that full loop insertion takes place, leading to 
positioningg of the proteinase at the distal end of the serpin from the initial docking site 
(Stratikoss & Gettins, 1997, 1998, 1999; Fa et al, 2000). The partitioning ratio between 
thee two branches of the mechanism depends on the mobility of the RCL insertion, the 
presencee of co-factors, and the enzyme used. Reducing the mobility of the RCL can be 
accomplishedd by 1) introducing a charged residue at the initial site of p-sheet A 
openingg (i.e. P14) (Lawrence et al, 1994, 2000; Audenaert et al, 1994), 2) 
incorporationn as strand four in (3-sheet A of a synthetic peptide, that is homologous to 
thee RCL, (Björk et al, 1992; Kvassman et al, 1995, 1998), or 3) binding of an 
inhibitoryy monoclonal antibody to the central P-sheet A (Debrock & Declerck, 1998). 
Eachh of these restrictions on RCL mobility resulted in predominantly cleaved 
inhibitor.. Co-factors, while enhancing overall inhibition of the target proteinase, also 
shiftt the partitioning ratio toward substrate behavior (van Meijer et al, 1997). This 
effectt appears to arise from a reduced rate of RCL insertion due to the need for the 
proteasee (i.e. thrombin) to dissociate from heparin prior to insertion of the RCL and 
translocationn of the proteinase to the opposite side of the serpin (Chuang et al, 1999). 
Finally,, the protease used can influence the partition ratio by limiting the rate of 
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acylationn and deacylation, a property that is unique for a particular proteinase 
(Lawrencee et al, 2000). For example, inhibition of thrombin by PAI-1 is a slow and 
inefficientt process, yielding a comparably high level of cleaved PAI-1 (Ehrlich et al, 
1990).. By introducing the surface exposed VR-1 loop of t-PA into thrombin, the 
acylationn step was enhanced (Dekker et al, 1999), increasing the overall inhibition 
ratee 2000-fold (Horrevoets et al., 1993) and decreasing the partition ratio (van Meijer 
etet al., 1997). Consequently, the equilibrium in the rate-limiting step was shifted from 
thee acylation step toward RCL insertion. 

PAI-1::  instability 

InIn contrast to other serpins, PAI-1 spontaneously converts into an inactive 
configuration.. Since, this inactive conformation can be reactivated through a cycle of 
denaturationn and renaturation it is also denoted the latent conformation (Hekman & 
Loskutoff,, 1985). The conversion of the active to the latent form is especially 
pronouncedd in a physiological buffer at 37 °C, resulting in a half life of PAI-1 activity 
off  about two hours. In plasma and in the extracellular matrix, the stability of PAI-1 
wass found to be two to three-fold longer (Lindahl et al, 1989; and Mimuro & 
Loskutoff,, 1989), an effect that was mimicked by addition of Vn (Declerck et al, 
1988).. Hence, in plasma Vn stabilizes the active conformation of PAI-1. In addition, 
PAI-11 activity can be stabilized by lowering the pH to 5,5 (Lindahl et al, 1989). An 
explanationn for this pH-dependent stabilization was given by Kvassman et al (1995), 
indicatingg that a lower pH leads to a more compact (J-sheet A with reduced RCL 
insertion.. Protonation of His 143 would be the responsible event (Kvassman et al, 
1995),, however, substitution of this position with different amino-acid residues 
resultedd only in a limited change in pH dependence of PAI-1 stability (Sui et al, 
1999). . 

AA structural explanation for the observed transition to latency was given by the 
3DD structure of PAI-1 (Mottonen et al, 1992). In this thermostable structure, the 
reactivee center residues P14 to P4 are inserted as strand four in the central (3-sheet A, 
thee position that these residues also occupy in the cleaved structure of a 1-antitrypsin 
(Loebermannn et al, 1984). The remainder of the RCL (P3-P10') is detached as strand 
onee from (5-sheet C and is exposed on the surface of the protein, rendering the scissile 
bondd (PI-PI') inaccessible. Thus, the conformational change from the active to the 
latentt form can be summarized by insertion of strand 4A and loss of strand 1C. Using 
thiss structural information, site-directed mutagenesis studies aimed at increasing PAI-1 
halff  lif e were undertaken. Mutations in strand IC (P4'), that would destabilize the 
latentt conformation and shift the equilibrium toward the active conformation, resulted 
onlyy in doubling of the half-life of the active conformation (Lawrence et a l, 1994). In 
addition,, a glutamine scan of the even-numbered N-terminal RCL residues {e.g. P4, 
P6,, P8 etc.) resulted in a maximal prolongation of half-life to 9.5 hours (Tucker et al, 
1995).. However, random mutagenesis of PAI-1 cDNA, followed by a functional 
screenn of the mutant protein, demonstrated that PAI-1 stability could be prolonged 72-
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foldd (Berkenpas et al., 1995). The mutant contains four amino-acid substitutions, 
whichh are distributed throughout the protein, and that are responsible in a cooperative 
mannerr for the observed prolongation of activity. Analysis of the corresponding 3D 
structuree revealed that introduction of additional hydrogen-bonds between the loop, 
whichh connects helix F and strand 3A, and strand 6A are formed, that have to be 
brokenn upon RCL insertion (Sharp et ah, 1999). Consequently, this restriction of RCL 
insertionn explains the prolonged half-life, but also the enhanced substrate behavior of 
thiss mutant when reacting with t-PA. 

Thee physiological relevance of PAI-1 conversion to latency is still unclear. 
However,, it seems as if evolution has specifically selected for a labile PAI-1 molecule, 
since,, stabilizing mutations found by random mutagenesis tend to be reversions to the 
(stable)) serpin consensus sequence (Berkenpas et al, 1995; Carrell & Stein, 1996; 
Stoopp et al. 20006). In addition, an increase in temperature, for example during 
inflammatoryy processes associated with fever, even accelerates the turnover of the 
activee conformation of PAI-1. Therefore in those situations, a labile PAI-1 molecule 
mayy be a selective advantage due to reduced risks for thrombosis. 

Methodss to study structure-function of PAI-1 

Inn order to fully understand the structural mechanism by which PAI-1 exerts its 
functionn a wide variety of biochemical studies have been undertaken. These studies 
oftenn aim at determining which elements in PAI-1 are responsible for binding to other 
proteinss {e.g. t-PA and Vn). Knowledge of these interaction sites on PAI-1 can help in 
thee development of specific PAI-1 inhibitors and in the understanding of the molecular 
defectss in serpin function seen in some patients. 

AA longstanding approach to determine the sites of protein-protein interaction has 
beenn by competing for this interaction with a panel of monoclonal antibodies of which 
thee binding sites are known. In this way, indications of the binding sites on PAI-1 for 
t-PA,, Vn, fibrin and heparin were elucidated (Keijer et al, 1991). A drawback of this 
approachh is the difficulty to determine the exact residues involved in binding of the 
monoclonall  antibody. In the case of PAI-1, however, in vitro translated linear 
fragmentss were successfully used to at least determine the region, or epitope, on PAI-1 
involvedd in recognition of the monoclonal antibodies. To more precisely locate the 
interactionn sites, preferentially to single amino-acid residues, the use of PAI-1 mutants 
wass chosen. These mutants can be made either by site-directed mutagenesis of selected 
residuess or by random mutagenesis of the complete protein. The first approach is 
especiallyy attractive when a clear indication is present of which residues are involved 
inn the protein-protein interaction studied. For example, the fine mapping of both the 
heparinn and LDL receptor-related protein (LRP) binding sites on PAI-1 were 
performedd by analyzing single and double mutants made by site-directed mutagenesis 
(Ehrlichh et al, 1992; Horn et al, 1998). Random mutagenesis is best chosen when 
littl ee or no information on the sites of protein-protein interaction is present However, 
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aa prerequisite for a successful mapping by random mutagenesis is a powerful selection 
methodd to enrich for interesting clones from a library of mutants. 

Phagee display, a technique based on the expression of the protein of interest fused 
withh a coat protein of the bacteriophage, provides a means to couple the genotype of 
thee mutant protein with its phenotype (Smith, 1985). Hence, it is possible to isolate a 
particularr variant from a mutant library by selecting for a specific phenotype. Since 
phagess can be produced and screened in large numbers (>1013/ml), this is a very 
powerfull  method to identify interesting mutants in a library. Phage display is 
nowadayss most often used to display libraries of antibodies and to search within these 
librariess for high-affinity binders (McCafferty et al, 1990; Griffiths et al, 1994). 
Fortunately,, also PAI-1 can be functionally expressed on the surface of bacteriophages 
(Pannekoekk et al, 1993). This property was successfully applied in an ingenuous, 
positivee selection of a PAI-1 mutant library to determine the residues involved in the 
interactionn of PAI-1 with the VR-1 loop of t-PA (van Meijer et al, 1996). The amino-
acidd residues found in that study correlated with earlier results from a site-directed 
mutagenesiss study (Madison et al, 1990), underscoring the potential of random 
mutagenesiss combined with a phage display selection to map sites of protein-protein 
interaction.. In most cases, however, a positive selection is not feasible since altering 
ann interacting residue is associated with loss of the interaction that is selected. In those 
situationss either a negative selection or elaborate screens of individual mutants is 
required.. To limit the number of clones to be screened, the presence of multiple 
mutationss in each clone should be an advantage. The use of a single round of 
mutagenesiss to introduce multiple mutations leads to predominantly "cripple" proteins 
(Daughertyy et al, 2000; Jespers et al, 1997). Therefore, mutations have to be 
introducedd stepwise, with selection for proper folding and function prior to a 
subsequentt round of mutagenesis. 

DNAA shuffling is a very powerful technique based on homologous recombination 
off  fragmented DNA in a PCR-based reaction (Stemmer, 1994). It has the advantages 
off  both introducing random mutations, by error-prone PCR, and recombining existing 
mutations.. Thus, a single round of DNA shuffling, also denoted "molecular 
evolution",, can produce vast numbers of mutants. The technique has been successfully 
appliedd to e.g. alter substrate specificity (Zhang et al, 1997) or to enhance enzymatic 
activityy (Crameri et al, 1997). An important requirement for molecular evolution to be 
successful,, however, is the presence of a stringent selection system or an efficient 
screen.. Phage display is a pre-eminently suited technique to select interesting mutants 
fromm vast libraries made by DNA shuffling. The combination of these two techniques 
wass designated "Shuffled Proteins on Phages" (SPOP) (Stoop et al, 2000a). 

SPOPP has made it feasible to develop a library of PAI-1 mutants that contains 
multiplee amino-acid substitutions per clone while retaining full PA-inhibitory activity. 
Forr mat purpose, five rounds of DNA shuffling were performed, each followed by 
selectionn for functional mutants by phage display, This library was applied to map 
sitess of protein-protein interaction to single amino-acid residues for three classes of 
monoclonall  antibodies that modulate PAI-1 activity (Stoop et al, 2000a). Since each 
off  these antibodies modulated PAI-1 activity in a different way, the mapping of the 
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correspondingg binding sites revealed general insight into PAI-1 structure-function 
relationships.. The structural features under laying the transition of PAI-1 to a latent 
conformationn were also investigated using SPOP. A positive selection of phages 
expressingg stable PAI-1 mutants resulted in the characterization of a PAI-1 mutant 
withh an over 200-fold prolonged half-life. This mutant highlighted structural elements 
off  importance to PAI-1 stability (Stoop et al., 20006). 

Inn conclusion, the advances in methodology have made it possible to map sites of 
interestt in protein-protein interactions with increasing precision. In the case of PAI-1, 
neww insights obtained through these novel techniques may help us understand both the 
mechanismm by which PAI-1 inhibits its cognate proteinases and the structural changes 
thatt occur upon transition to latency. 
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Abstract t 

Plasminogenn activator inhibitor 1 (PAI-1) is a gycoprotein that controls the activity of 
thee key enzymes of the fibrinolytic system, the serine proteases tissue-type 
plasminogenn activator (t-PA) and urokinase-type plasminogen activator (u-PA). 
Inhibitionn is accomplished by rapid formation of inactive, equimolar PAI-1/PA 
complexes.. The physiological importance of PAI-1 for the fibrinolytic system has 
beenn underscored by the observation that in humans, a homozygous defect results in 
hemorrhagicc episodes. In addition to its function in surveillance of the integrity of 
clots,, PAI-1 efficiently inhibits the serine protease thrombin in vitro, provided that 
eitherr the high molecular weight glycosaminoglycan heparin or the glycoprotein 
vitronectinn is present. These co-factors accelerate the rate of thrombin inhibition by 
PAI-1PAI-1 by more than two orders of magnitude. Inhibition of thrombin by PAI-1 
proceedss according to a "suicide substrate mechanism", typified by a branched 
reactionn pathway, leading either to stable PAI-1/thrombin complexes or to degradation 
off  the inhibitor and recycling of the enzyme. The cofactors heparin and vitronectin, 
althoughh increasing inhibition through different mechanisms, essentially promote PAI-
11 degradation by thrombin. In view of the multitude of functions attributed to 
thrombin,, the authors propose that the relevance of thrombin inhibition by PAI-1 is to 
restrictt its mitogenic activity, rather than to affect its coagulation function in plasma. 

34 4 



MolecularMolecular Advances in PAI-1 Interaction with Thrombin andt-PA 

Versatilit yy of serine protease inhibitor s 

Serinee protease inhibitors (serpins) constitute a family of homologous proteins 
(molecularr masses around 50 kDa) that display a similar three-dimensional structure 
(reviewedd by Travis & Salversen, 1983; Huber & Carrell, 1989). Most of the inhibitors 
actt as an inhibitor of a particular target serine protease. The selectivity of a serpin is 
determinedd by three parameters: (a) the presence of both proteins in the same 
physiologicall  compartment, (b) the respective concentration of the components, and 
(c)) the rate of association of the serpin with the target serine protease. As a 
consequencee of these criteria, the serpin family may constitute a versatile back up 
system.. This is illustrated by the observation that upon administration of 
pharmacologicall  amounts of tissue-type plasminogen activator (t-PA) to patients 
sufferingg from acute myocardial infarction, not only t-PA/PAI-1 complexes are 
encounteredd in plasma, but also complexes of t-PA with an array of other serpins 
(Lucoree & Sobel, 1988). Clearly, exhaustion of plasma PAI-1 enables the enzyme to 
formm complexes with serpins that act less rapidly but are present at adequate plasma 
concentrations.. Obviously, the potential promiscuity of serpins is based on a very 
similarr structure and, consequently, on a common mechanism of action. Specificity, 
exemplifiedd by the rate of association, is primarily determined by the nature of the 
aminoo acid that constitutes the PI residue of the so-called reactive center loop, located 
att approximately 30 residues from the carboxyl terminus of serpins (arginine 346 in 
thee case of PAI-1). The PI residue reacts with the serine residue of the catalytic triad 
off  the protease to form stable serpin/protease complexes. Substitution of the PI 
residue,, either due to a hereditary defect or upon in vitro site-directed mutagenesis of 
thee corresponding cDNA, usually results in a dramatic reduction of the rate of 
associationn with its cognate serine protease and, for a particular case, in alteration of 
thee target specificity of the serpin (Keijer et al, 1991a; Owen et al, 1985). 

Thee relevance of an interaction between a serpin and its target serine protease may 
bee apparent only in the presence of an obligatory cofactor. For example, the in vivo 
inhibitionn of thrombin by the serpin antithrombin III is virtually only manifested upon 
administrationn of the glycosaminoglycan heparin, resulting in efficient anticoagulation 
duee to rapid formation of inactive thrombin/antithrombin III complexes. The 
mechanismm of action between these three components has been studied in great detail: 
Heparinn acts as a template that allows simultaneous binding of the inhibitor and the 
enzymee at separate, proximal binding sites, resulting in a substantial increase of the 
affinityy (K{) of thrombin for antithrombin III (reviewed by Björk & Danielsson, 1986). 
Similarly,, we have recently described that PAI-1 is endowed with thrombin-inhibitory 
propertiess n the presence of either high molecular weight heparin or the glycoprotein 
vitronectinn (Ehrlich et al., 1990,1991a). Interestingly, the effects of these cofactors are 
specificallyy observed with thrombin as target serine protease, whereas no influence of 
thee cofactors is seen on the interaction with t-PA, urokinase-type plasminogen 
activatorr (u-PA), or other serine proteases (Keijer et al., 1991b). 
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Mechanismss of thrombin inhibition by Plasminogen Activator Inhibitor 1: 
Rolee of cofactors 

Ass indicated earlier here, both heparin and vitronectin enhance the rate of thrombin 
inhibitionn by PAI-1 about two orders of magnitude. Recently, we demonstrated that 
thee inhibition of thrombin by PAI-1 in the presence of vitronectin proceeds through an 
intermediate,, equimolar ternary complex (Figure 1). This observation contrasts with 
thee interaction between t-PA and PAI-1, in the presence of vitronectin, that yields 
exclusivelyy binary t-PA/PAI-1 complexes. The inhibition of thrombin by PAI-1, either 
inn the presence or absence of vitronectin or high molecular weight heparin, occurs 
throughh a so-called suicide substrate mechanism, analogous to the inhibition of 
kallikreinn by the serpin CI inhibitor (Patston et ah, 1991)(illustrated in Figure 2). 
Briefly,, in the presence of an excess of inhibitor (I) versus enzyme (E), initially a 
Michaeliss complex is generated composed of the enzyme and the inhibitor (EI). 
Subsequently,, part of the inhibitor molecules forms serpin-specific stable complexes 
(E-I#)) that are very slowly eliminated (inhibition pathway). Another part of the 
inhibitorr proteins is cleaved by the protease, yielding inactivated inhibitor molecules 
(I* )) and active enzyme that recycles to generate novel Michaelis complexes (substrate 
pathway).. In case t-PA inhibition by PAI-1 is studied, no cleavage of PAI-1 is 
observed,, irrespective of the presence or absence of cofactors (Table 1). 

Figuree 1. Analysis of ternary 
complexx formation between 
thrombin,, PAI-1 and 
vitronectin,, using surface 
plasmonn resonance (SPR). 
Molecularr reactions were 
assessedd by real time analysis 
usingg the BIAcore2000 
equipment.. Thrombin was 
immobilizedd by amine 
couplingg to a CM5 sensorchip. 
Ann increase of the SPR signal 
(RU),, after administration of a 
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compound,, demonstrates binding to the immobilized component. First, PAI-
1/Vitronectinn complexes were injected (A). To establish binding of the vitronectin 
moietyy of the complex to thrombin, an anti-vitronectin monoclonal antibody was 
injectedd (B). Finally, to establish binding of the PAI-1 moiety of the PAI-1/vitronectin 
complexx to thrombin, an anti-PAI-1 monoclonal antibody was injected (C). 

Significantly,, the cofactors greatly affect the partitioning of the two pathways for 
thrombinn inhibition: in the presence of either heparin or vitronectin, PAI-1 is 
preferentiallyy used as a substrate. The mechanism of action of these cofactors on 
thrombinn inhibition by PAI-1 is, however, quite distinct. Heparin enhances the rate of 
associationn between thrombin and PAI-1 with a biphasic heparin concentration 
dependence,, typical of a template mechanism (Ehrlich et al, 1991a; Klein Gebbink et 
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al.,al., 1993). By contrast, vitronectin increases the rate with a monotonal concentration 
dependence,, with a maximal rate achieved when all PAI-1 is bound to vitronectin. In 
conclusion,, the cofactors not only enhance the rate of thrombin inhibition by PAI-1 
butt also alter the partitioning between the inhibitory and substrate pathway. 

Tablee 1. Apparent stoichiometrics for protease inhibition by plasminogen activator 
inhibitorr 1 

Protease e 
Thrombin n 
t-PA A 

1.55 h 
3.2 2 
1.0 0 

2.55 h 
3.1 1 
1.0 0 

4.33 h 
2.8 8 
1.0 0 

18h h 
3.0 0 
1.0 0 

++ Heparin 
7.1 1 
1.0 0 

++ Vitronectin 
5.1 1 
1.0 0 

Thee apparent stoichiometrics indicate the number of plasminogen activator inhibitor 1 
(PAI-1)) molecules required to inhibit one molecule of protease and were determined at 
377 °C after various incubation periods. The experiments were performed either in the 
absencee or the presence of an optimal heparin concentration or in the presence of an 
excesss of vitronectin over PAI-1. t-PA, tissue- type plasminogen activator. 

Potentiall  in vivo significance of the interaction between thrombi n and 
Plasminogenn Activator  Inhibito r  1. 

Itt is unlikely that the interaction between thrombin, PAI-1 and either vitronectin or 
heparinn would occur in the plasma milieu. This conclusion is based on the three 
criteriaa for functional serpin/serine protease interaction, presented in a previous 
paragraph.. Although the rate of association between thrombin and PAI-1, in the 
presencee of either one of the cofactors, is 10- to 20- fold higher than that between the 
majorr inhibitor of thrombin in plasma, namely antithrombin II I (in absence of 
heparin),, the actual plasma concentration of antithrombin III is approximately 10.000-
foldd higher than that of PAI-1. A more plausible site of interaction between thrombin, 
PAI-1PAI-1 and a cofactor would be within the vessel wall, as indicated by a number of 
observations.. First, administration of thrombin to matrices of cultured endothelial cells 
thatt serve as a source for PAI-1 and vitronectin results in the release of both 
equimolar,, inactive mrombin/PAI-1 complexes and in cleaved PAI-1, in accordance 
withh the branched suicide substrate mechanism. Those events could be largely 
preventedd by pretreating the matrices with anti-vitronectin antibodies (Ehrlich et al., 
1991b).. It should be noted that the culture medium of the endothelial cells contained 
largee amounts of active antithrombin III , the major thrombin inhibitor in plasma. 
Nevertheless,Nevertheless, no complexes were encountered between thrombin and antithrombin III , 
indicatingg that this serpin is absent from the endothelial cell matrix. These 
observationss suggest that the endothelial cell lining of the vascular does not promote 
translocationn of plasma antithrombin III to the vessel wall. Second, it has been recently 
demonstratedd that among the serpins only PAI-1 promotes the binding, and subsequent 
endocytosis,, of thrombin by cells expressing the low-density lipoprotein receptor-
relatedd protein (LRP) on their surface. The interaction between thrombin/PAI-1 
complexess and LRP is further enhanced by the presence of vitronectin, indicating that 
ternaryy complexes of thrombin, PAI-1 and vitronectin are the actual ligand for LRP 
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Figuree 2. Experimental illustration and scheme of suicide substrate mechanism. Panel A 
Thee time course of PAI-1 cleavage by thrombin and thrombin/PAI-1 complex 
formation.. Incubations were performed at 37 °C with a six fold excess of PAI-1 over 
thrombin,, in the absence of cofactors. Aliquots were subjected to 10% (w/v) sodium 
dodecyll  polyacrylamide gel electrophoresis (SDS-PAGE) under non-reducing 
conditions,, stained with Coomassie Brilliant Blue. Clearly, the kinetics of the 
appearancee of cleaved PAI-1 and the formation of thrombin/PAI-1 complexes are 
similar.. A, PAI-1; B, thrombin. Times indicated are in minutes. Panel B. Schematic 
representationn of the various reactions. The inhibitor (I) forms a reversible complex (EI) 
withh its target serine protease (E), characterized by the bimolecular rate constant k, and 
thee dissociation rate constant fci. Subsequently, an intermediate complex (EI') is 
formedd that can convert with a rate constant k, into the serpin-specific complex E-I, or 
itt can react according to a substrate mechanism, resulting in free enzyme and cleaved 
inhibitorr (I*) with the corresponding rate constant k3. The partition ratio (r = ks/kt) 
representss the number of catalytic turnovers per inactivation event; 1 + r is the apparent 
stoichiometry.. Finally, the stable bimolecular complex (E-I*) can dissociate with a rate 
constantt k5 into the free active enzyme (E) and cleaved, inactivated inhibitor (I). 

(Stefanssonn et al, 1996). The clearance receptor LRP has been identified on vascular 
smoothh muscle cells (SMCs), macrophages, and fibroblasts and may thus be 
implicatedd in the control of thrombin activity in the vessel wall. Third, it has been 
shownn that thrombin promotes proliferation of vascular SMCs: this effect is mediated 
throughh binding, and subsequent cleavage, of a thrombin receptor that has been 
identifiedd on the surface of these cells, particularly in atherosclerotic lesions (Nelken 
etet al, 1992). Interestingly, activation of SMCs by thrombin induces de novo synthesis 
off  PAI-1 (Noda-Heiny et al, 1993; Wojta et al, 1993). Together with either heparin 
likee proteoglycans or vitronectin, induction of PAI-1 by thrombin would constitute a 
feedd back mechanism to control thrombin activity in the vessel wall: initially the 
interactionn of thrombin with the thrombin receptor is prevented, and, subsequently, 
ternaryy complexes are removed by LRP (the various reactions are schematically 
outlinedd in Figure 3). In aggregate, in view of the apparent absence of other thrombin 
inhibitorss in the vessel wall, it is conceivable that thrombin activity in the vessel wall 

38 8 



MolecularMolecular Advances in PAI-1 Interaction with Thrombin and t-PA 

iss controlled by PAI-1, in the presence of either vitronectin or heparin (Figure 3). This 
interactionn might be particularly relevant for prevention of SMC proliferation and, 
hence,, for progression of atherosclerosis. 

Pathologyy of Plasminogen Activator Inhibitor 1 and vitronectin deficiency 
inn humans and mice 

Att present, a single case has been reported on a young girl with complete PAI-1 
deficiency,, due to a frameshift (two base pair insertion) in exon 4 of both PAI-1 alleles 
(Fayy et ah, 1992). This genetic defect results in a moderate bleeding tendency, 
apparentlyy due to hyperfibrinolysis. In contrast, PAI-1 knock out mice (PAI-1-/-) do 
nott display spontaneous bleeding. After challenging these PAI-1-/- mice, however, by 
dispersionn of fibrins in the lungs, they exhibit hyperfibrinolysis as compared with 
normall  (PAI-1+/+) mice (Carmeliet et al, 1993). Taken together, the clinical study 
andd the characteristics of PAI-1-/- mice provide strong evidence for the role of PAI-1 
ass the physiological inhibitor of plasminogen activators (PAs). At this point, it should 
bee noted that PAI-1-/- mice also do not display a thrombotic phenotype indicating that 
underr non-pathological conditions, inhibition of the coagulation function of thrombin 
byy PAI-1 does not play a major role, consistent with arguments advanced in a previous 
paragraph. . 

Figuree 3. Schematic 
illustrationn of various potential 
interactions,, occurring at the 
luminall  and the basolateral 
sidee of the endothelium. 
Plasminogenn activator 
inhibitorr 1 (PAI-1) is 
synthesizedd by endothelial 
cellss (EC) and secreted both at 
thee luminal and in the 
endotheliall  cell matrix (ECM) 
(Mimuroo et al., 1987). In the 
luminall  compartment, PAI-1 
mayy form a complex with 
vitronectinn (Vn) (not illustrated), but ultimately captures tissue-type plasminogen 
activatorr (t-PA) to generate inactive binary t-PA/PAI-1 complexes. At the basolateral 
side,, PAI-1 may form binary complexes with vitronectin, translocated from the plasma 
milieuu (Seiffert et al, 1990), that are subsequently converted into ternary thrombin (Ila), 
PAI-1,, vitronectin complexes. These ternary complexes bind to lipoprotein receptor-
relatedd protein (LRP), a clearance receptor present on vascular smooth muscle cells 
(SMCs),, presumably followed by internalization and degradation of the complex. SMCs 
alsoo harbor on their surface a receptor for thrombin (Ila-receptor). Administration of 
thrombinn to cultured SMCs induces synthesis of PAI-1 (not illustrated). 

PAI I 

PAI-11 :t-PA 

PA A 

4=* 4=* 
V n — s ^ —— PAI-1 

Vn:PAI-1 1 

Vn:PAI-1 ::  / 
Ilaa * 
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ECM ECM 

SMC SMC 

39 9 



ChapterChapter 2 

Interestingly,, these investigators also studied the role of PAI-1 in atherogenesis, 
usingg an electric injury model of mice arteries, by comparing subsequent neointima 
formationn in normal and PAI-/- mice (Carmeliet & Collen, 1995). Clearly, PAI-/- mice 
exhibitt a substantially increased neointima formation (atherogenesis) as compared 
withh normal mice. This observation has been interpreted as an increase of PA activity, 
duee to the absence of PAI-1, resulting in enhanced plasmin dependent migration of 
vascularr SMCs. Alternatively or in addition, in view of our findings on thrombin 
inhibitionn by PAI-1, in the presence of either one of the cofactors, it might also be 
envisagedd that PAI-1 deficiency contributes to enhanced thrombin-mediated 
proliferationn of SMCs as the cause of increased neointima formation. 

Too discriminate between these options, the recent construction of vitronectin 
deficientt mice may prove to be instrumental (Zheng et at., 1995). The serum of these 
normallyy developing, fertile mice is devoid of PAI-1 binding activity, demonstrating 
thatt vitronectin is the only protein that binds PAI-1. Based on the essential cofactor 
functionn of vitronectin in thrombin inhibition in vitro by PAI-1, as outlined in this 
review,, it would be of interest to determine the extent of neointima formation of 
vitronectinn deficient mice and normal mice in the electric injury model of arteries 
(Carmeliett & Collen 1995). Although heparin containing proteoglycans may substitute 
forr the lack of vitronectin, such observations may provide evidence for the in vivo 
significancee of cofactor dependent thrombin inhibition by PAI-1 in the vessel wall. 
Futuree breeding of mice that are double knock out for components essential for 
proliferationn and for migration of SMCs may resolve a potential contribution of PAI-1 
inn either one or both processes. 
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Abstract t 

Substitutionn of the native Variable Region-1 (VRl/37-loop) of thrombin by the 
correspondingg VR1 of tissue-type Plasminogen Activator (thrombin-VRl̂  increases the 
ratee of inhibition by PAI-1 by three orders of magnitude, and is thus sufficient to confer 
PAI-11 specificity to a heterologous serine protease. A structural and kinetical approach to 
establishh the function of the VR1 loop of t-PA in the context of the thrombin-VRl,PA variant 
iss described. The crystal structure of thrombin-VRltPA was resolved and showed a 
conservedd overall a-thrombin structure, but a partially disordered VR1 loop as also reported 
forr t-PA. The contribution of a prominent charge substitution close to the active site was 
studiedd using charge neutralization variants thrombin-E39Q(c39) and thrombin-VRltPA-
R304Q(c39),, resulting in only 4-fold changes in the PAI-1 inhibition rate. Surface plasmon 
resonancee revealed that the affinity of initial reversible complex formation between PAI-1 
andd catalytically inactive Serl95-»Ala variants of thrombin and thrombin-VRl"*  is only 5-
foldd increased, i.e. KD is 652 and 128 nM for thrombin-S195A and thrombin-S195A-
VR11 , respectively. We established that the partition ratio of the suicide substrate reaction 
betweenn the proteases and PAI-1 was largely unaffected in any variant studied. Hirugen 
allostericallyy decreases the rate of thrombin inhibition by PAI-1 2.5-fold and of thrombin-
VR11 20-fold, by interfering with a unimolecular step in the reaction, not by decreasing 
initiall  complex formation or by altering the stoichiometry. Finally, kinetic modeling 
demonstratedd that acylation is the ral^limiting step in thrombin inhibition by PAI-1 (k ~ 
10~33 s*1) and this kinetic block is alleviated by the introduction of the tPA-VRl into 
thrombinn (k > 1 s'1). We propose that the length, flexibility and different charge architecture 
off  the VR1 loop of t-PA invoke an induced fit of the reactive center loop of PAI-1, thereby 
enhancingg the rate of acylation in the Michaelis complex between thrombin-VRl,PA and 
PAI-11 by more than two orders of magnitude. 
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Introductio n n 

Inn general, most serine proteases cleave their target substrates with a high degree of 
specificity.. To that end, serine proteases harbor unique surface exposed loops around their 
activee site, that facilitate tight substrate/inhibitor binding or stimulate subsequent 
unimolecularr catalytic steps (Furie et al, 1982, Bode et al, 1989, 1992; Lamba et al, 
1996).. The two plasminogen activators tissue-type (t-PA) and urokinase type (u-PA) 
plasminogenn activator can activate the zymogen plasminogen to plasmin (Collen, 1980). 
Duee to the powerful capacities of the plasminogen activator system, the activity of the 
serinee proteases t-PA, u-PA and plasmin is tightly controlled by Plasminogen Activator 
Inhibitorr 1 (PAI-1), one of the main physiological inhibitors of fibrinolysis (Lucore & 
Sobel,, 1988). Thrombin, a serine protease structurally homologous to the t-PA catalytic 
domain,, can also be inhibited by PAI-1, albeit at a rate 4-orders of magnitude lower man t-
PAA (Ehrlich et al, 1990). Various mutagenesis studies have identified residues in t-PA, 
thrombinn and PAI-1 that confer specificity to the respective serine protease for PAI-1. The 
Variablee Region-1 (VR1; 37-loop) surface exposed loop of t-PA (Phe294 to Phe305, t-PA 
numbering;; c34 to c40, chymotrypsinogen numbering), which had been found to be 
partiallyy disordered in all three crystal structures of the human t-PA catalytic domain 
(Lambaa et al, 1996; Renatus et al, 1997a,b), was identified to be of major importance for 
thee interaction with reactive center loop (RCL) residues of PAI-1. First, deletion or charge 
reversall  of Ihe basic motif KHRR (296-299; c36-c37B) and Arg304(c39) in the t-PA VR1 
loopp resulted in a 470 and 2800-fold reduction of the PAI-1 inhibition rate constants, 
respectivelyy (Madison et al, 1989, 1990a). Counter residues in the RCL of PAI-1 that 
specificallyy interact with this stretch of basic residues were identified by charge reversals of 
glutamicc acid residues (Glu350 and Glu351), thus restoring the inhibition rates of the t-PA 
mutantss (Madison et al, 1990b). Second, replacement of the VR1 surface exposed loop on 
thrombinn (Phe34 to Leu40, 8 residues, chymotrypsinogen numbering) with the 
correspondingg region of t-PA (Phe34 to Phe40,12 residues, chymotrypsinogen numbering) 
resultss in the thrombin variant thrombin-VRl0*  that is inhibited 3-orders of magnitude 
fasterr by PAI-1 than wild-type thrombin (Horrevoets et al, 1993). This VR1 substitution 
specificallyy increases the inhibition by PAI-1 and does not affect the interaction of 
thrombin-VRlffAA with other substrates and inhibitors. This indicates that the VR1 loop of 
t-PAA is the major determinant for PAI-1 specificity of serine proteases, i.e. t-PA and 
thrombin.. Finally, an additional study was performed with random mutagenesis of PAI-1, 
usingg the phage display technique, and has identified solely residues in the carboxy 
terminall  part of the RCL of PAI-1 {i.e. V\ /Glu350) as being involved in the interaction 
withh thrombin-VRl0*  (Van Meijer et al, 1996), in accordance with the studies on t-PA by 
otherss (Madison et al, 1990b). Based on these experiments an identical function of the t-
PAA VR1 loop in PAI-1 inhibition can be expected in thrombin-VRl0*  and t-PA. 
Furthermore,, an identical role of the homologous VR1 of u-PA has been evidenced 
convincinglyy (Sipley et al, 1997) 

Despitee the firm establishment of VR1 as a specificity determinant for PAI-1 
(Horrevoetss et al, 1993; Sipley et al, 1997), the exact mechanistic role of this surface 
exposedd loop remained elusive. It is generally believed to be involved in a high affinity 
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dockingg step, e.g. accelerating inhibition by facilitating the formation of a tight initial 
reversiblee complex between the target protease and its cognate inhibitor, although evidence 
forr this hypothesis is still lacking. To address this question, we have used thrombin, the 
substitutionn variant thrombin-VRl0* , and mutants thereof, to characterize the t-PA VR1 
loopp in an isolated context, that harbors the obligatory structural elements of a serine 
proteasee but lacks significant PAI-1 specificity. Thrombin was considered a suitable 
environmentt because of its high structural homology with t-PA, successful exchange of its 
VR11 loop with that of t-PA, yet their specificity for different substrates (Bode et al, 1989; 
Lambaa et al, 1996). Rather than increasing the bimolecular rate constant of initial 
reversiblee complex formation, we found that the specificity of the VR1 loop of t-PA for 
inhibitionn by PAI-1 is primarily caused by an increase in the unimolecular rate constants of 
thee catalytic steps. 

Results s 

Structura ll  analysis 

DeterminationDetermination and analysis of the crystal structure ofthrombin-VRl 

Thee crystal structure of thrombin-VRlffA in complex with hirugen 55-65 was determined. 
AA comparison between the structures of thrombin-VRl̂  and a-thrombin was done in 
orderr to locate differences in the overall protein structure, and that of the VR1 loop in 
particular,, that can explain the enhancing effect of the t-PA VR1 loop on the rate of 
thrombin-VRl0**  inhibition by PAI-1. 

Thee structure analysis reveals (Figure la and lb) an overall catalytic domain structure 
ofthrombin-VRl0**  very similar to that of human PPACK-a-thrombin (Bode et al, 1989, 
1992),, in noncovalent complex with TV-acetyl-hirudin 55'-65*  with sulfato-Tyr63' 
(Skrzypczak-Jankunn et al, 1991). In particular, the N-terminal part of the thrombin-
characteristicc 60 insertion loop forms a flap projecting (identically to wild-type thrombin) 
intoo the active-site cleft and partially obstructs access to the active-site residues, while 
sevenn C-terminal residues Lysc60F to Asnc62 are arranged along the surface. The adjacent 
37-loopp (VR1) based to some extent on this latter 60-loop region extends out of the 
molecularr surface pointing towards the active-site cleft. It is fully defined by electron 
densityy up to Lys296(c36) and from Arg304(c39) onwards, with a thrombin-like main-
chainn conformation and with the Arg304(c39) side chain directed towards this cleft, as the 
Glu39(c39)) side chain does in thrombin. Residue His297(c37) is only partially defined 
whilee the five residues in between, Arg298(c37A)-Arg299(c37B)-Ser300(c37C)-
Pro301(c37D)-Gly302(c37E),, are completely disordered as had also been found in all t-PA 
structuress (Lamba et al, 1996; Renatus et al, 1997a,b). Similar as in t-PA, this elongated 
37-loopp of thrombin-VRl̂  must form a surface-exposed turn extending into but not 
blockingg the fibrinogen recognition exosite (anion binding exosite I) of thrombin, which 
heree is occupied by hirugen. Model building studies show that the His297(c37)-
Arg298(c37A)-Arg299(c37B)) segment might be placed on the outer rim of the cleft, with 
onee or the other arginine side chains directed to it. 
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Tablee 1. Kinetic constants for the inhibition of all thrombin variants by PAI-1. Apparent 
stoichiometricss (H-l) for PAI-1 inhibition were determined by titration. All thrombin variants 
andd PAI-1 were calibrated on a-thrombin and t-PA standards, respectively. 

Thrombin n 

Wild-type e 
E39Q Q 

VRl" * * 
VRl^-IötMQ Q 

Inhibition n 
* Ï (MV ) ) 

1.2103 3 

5.2-103 3 

1.1106 6 

3.0-105 5 

by y PAI-1 1 
(r+1) ) 

2.5 5 

2.0 0 

1.5 5 

1.1 1 

Fromm this structural analysis we conclude that there are no significant changes in die 
overalll  thrombin structure, other than the introduction of VRl tPA, that could be responsible 
forr the increased rate of reaction with PAI-1. The most striking change close to the active 
sitee is a charge reversal at position c39 (Glu-»Arg substitution), which will be addressed in 
thee next section. And, finally, that 5/12 of the VR1 residues are disordered in the crystal 
structure,, like in all t-PA structures know thus far, indicating the flexible nature of the top 
off  this solution exposed loop. 

MutagenesisMutagenesis ofVRl loop residues 

Extensivee mutagenesis of charged VR1 residues in t-PA have demonstrated their positive 
contributionn to the high t-PA/PAI-1 inhibition rate (Madison et al, 1989, 1990a,b). One 
strikingg difference between the structures of the t-PA and thrombin VR1 loop in thrombin-
VRl tpAA and wild-type thrombin, respectively, is the presence of a basic arginine residue at 
positionn 304(c39), which is occupied by glutamic acid (Glu39) at the identical position in 
thrombin.. In both structures these residues are directed towards the active-site cleft and in 
closee proximity of the active site serine residue (Serl95) of the protease, and thus are likely 
responsiblee for part of the high PAI-1 specificity of the t-PA VR1 loop (Rezaie, 1998). To 
testtest this concept we have constructed two thrombin variants containing single mutations in 
thee VR1 loop. The potentially unfavorable effect of Glu39 in thrombin on the inhibition of 
thrombinn by PAI-1 was assessed by constructing a variant with an uncharged glutamine 
residuee replacing Glu39, denoted thrombin-E39Q. The contribution of Arg304(c39) to the 
efficientt inhibition of thrombin-VRlffA by PAI-1 was studied by constructing a thrombin-
VR11PAA variant with an uncharged glutamine residue replacing Arg304(c39), denoted 
thrombin-VRl^/RBtMQ. . 

Thee rates of inhibition of these thrombin variants by PAI-1 were determined (Table 1). 
Thee apparent second-order rate constant of inhibition of mrombin-E39Q by PAI-1 was 4-
foldd higher compared to wild-type thrombin. In contrast, the apparent second-order rate 
constantt of inhibition of thrombin-VRltPA/R304Q by PAI-1 was 4-fold lower compared to 
thrombin-VRlffA .. These mutagenesis results demonstrate mat the studied single charges in 
thee VR1 loop of thrombin(-VRltPA) are involved in the interaction with PAI-1, but only 
marginallyy contribute to the rate of thrombin inhibition by PAI-1. 
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Figuree 1. Comparison of the crystal structures of the thrombin-hirugen (55-64) and 
thrombin-VR11 ̂ -hirugen (55-64) complexes. The molecular surfaces are colored red where 
thee charge is negative and blue where positive. Hirugen is shown as a stick model, (a) 
Structuree of the complex of human a-thrombin with hirugen 55-64 (Skrzypczak-Jankun et 
al.,al., 1991; PDB code: lhgt). (b) Structure of the complex of thrombin-VRltPA with hirugen 
55-644 (this study, see "Crystallization, data collection and model building"). The location of 
thee VR1 loop (37-loop), 60-loop and catalytic serine (Serl95) is indicated. The figure was 
producedd with GRASP (Nicholls et al., 1991). 

Kineti cc Analysis 

Thee generally accepted mechanism that describes the interaction of serpins with their 
targett proteases is the 'suicide substrate mechanism' (Figure 2). It involves a branched 
pathwayy that accounts for the formation of SDS-stable protease-serpin complexes in one 
branch,, and cleaved inactive serpin together with the release of the active protease in the 
otherr branch. We have recently found that thrombin is inhibited by PAI-1 according to this 
mechanismm (Van Meijer et al, 1997a). Speculation on what stage of catalysis is actually 
augmentedd in t-PA and thrombin-VRltPA, requires that the mechanistic events that 
comprisee the suicide substrate mechanism and their order, are known. A clear definition of 
thee suicide substrate mechanism is starting to evolve based on the work of several groups 
ass discussed in the Discussion. The mechanism that was proposed on basis of these data 
comprisess at least three distinct stages at which the rate of protease-serpin inhibition can be 
altered,, i.e. Michaelis complex formation, covalent intermediate formation (acylation) and 
thee branched steps that determine the apparent stoichiometry of the reaction (loop insertion 
andd deacylation). The contribution of the VR1 to each of these individual steps was 
establishedd as described in the following paragraphs. 

EffectEffect of the t-PA VR1 loop on reversible PAI-1 binding by thrombin-S195A(-
VRfVRfAA) ) 

Catalyticallyy inactive Serl95—»Ala variants of thrombin and thrombin-VRltPA were 
constructedd to study the effect of the t-PA VR1 loop on the initial reversible protease/PAI-1 
dockingg step. Both variants thrombin-S195A and thrombin-S195A-VRltPA were produced 
andd purified as described in Materials and Methods. The difference in affinity of PAI-1 for 
bothh Serl95—»Ala variants was determined by measuring the kinetic binding constants (kon 
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EE + I El l El' ' 

Figuree 2. The branched •*• E + I" 
pathwayy of a suicide 
substratee mechanism. The 
inhibitorr (I) forms a 
reversiblee Michaelis-type 
complexx (EI) with its target E-l -""*• E + f 
proteinasee (E), characterized by the bimolecular association rate constant (k\) and the 
dissociationn rate constant (k-i). Subsequently, an intermediate irreversible complex is formed 
(EI'),, that can convert with a rate constant fct into the SDS-stable complex (E-I*), or it can 
reactt according to a substrate mechanism, resulting in the release of free enzyme together 
withh cleaved, inactive inhibitor (I*) with the rate constant h,. The partition ratio (r = kjkt) 
representss the number of catalytic turnovers per inactivation event, where \+r  is the apparent 
stoichiometry.. Finally, the stable complex E-f dissociates with a rate constant ks according to 
thee substrate branch. For both thrombin and t-PA, k$ is negligibly small. 

andd &0ff) for reversible binding of PAI-1 to these Serl95->Ala variants using Surface 
Plasmonn Resonance (SPR). The results indicate that the strength of the initial non-covalent 
thrombin/PAI-11 Michaelis complex is marginal in the absence of a functional active site 
serinee residue. Furthermore, they show that PAI-1 has a 5-fold higher affinity (KD) for 
thrombin-S195A-VRltPAA compared to thrombin-S195A, which is the result of a modest 
1.9-foldd increase and 2.7-fold decrease of kon and koS, respectively (Table 2 and Figure 3). 
Thus,, there is no significant effect of the VR1 substitution on the actual rate of initial 
complexx formation, the first bimolecular step of the overall irreversible inhibition reaction. 
Furthermore,, at the inhibitor concentrations used in this study, the rate of association of 
initiall complexes limits the overall rate of thrombin-VRltPA inhibition by PAI-1, which are 
bothh in the same order of magnitude. 

160 0 

%% 1 2° 
DD 80 r 

• • 
c c 
o o 
9-- 40 FF ^ 

Figuree 3. Reversible binding of PAI-1 
too thrombin-S195A and thrombin-
SiaSA-VRl*™.. The difference in initial 
reversiblee complex formation that is the 
resultt of the t-PA VR1 substitution in 
thrombinn was determined by SPR. 
Bindingg of PAI-1 to either immobilized 
thrombin-S195AA (blue) or thrombin-
S ^ A - V R l ^^ (red) was monitored at 
variouss concentrations of PAI-1 (50-250 
nM).. The data shown was obtained with 
1000 nM PAI-1. 
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Tablee 2. Kinetic binding constants for the interaction of the thrombin-S195A variants with 
PAI-1.. Association rate (fen), dissociation rate (fas) and equilibrium dissociation constants 
(Ai>)) were determined by SPR. 'Hirombin-S195A-VRl,PA was immobilized in separate 
experimentss (I and 2) for studying PAI-1 binding in the presence of 70 uM hirugen (Fig. 5c). 

Thrombinn SI95A variant 

S195A A 

S^SA-VRl^U) ) 

S ^ A - V R l ^ Q ) ) 

S195A-VRlffAA + hirugen 

iQm iQm 

M V V 
5.4-105 5 

1.0-106 6 

1.13-106 6 

1.07-106 6 

fcff' fcff' 

s ! ! 

0.35 5 

0.13 3 

0.11 1 

0.15 5 
33 The constants ka, and Aoffwere obtained by globally fitting the SPR data recorded at a range 

S.E.-valuess provided by the global fitting algorithm were always <2%. 
bb ATD was cdculated from Aon and Aon using: Afü = A„(T/A«i 

KKDD
b b 

nM M 

652 2 

128 8 

98 8 

139 9 

off PAI-1 concentrations. 

EffectEffect of the t-PA VR1 loop on PAI-1 cleavage by thrombin-VRfA 

Thrombinn and thrombin-VRltPA are inhibited by PAI-1 according to the suicide substrate 
mechanismm (Van Meijer et al, 1997a). After formation of an initial non-covalent 
thrombin/PAI-11 complex, this mechanism allows either the formation of a SDS-stable 
pseudo-irreversiblee complex, or release of cleaved inactivated PAI-1 and ftee active 
thrombin.. The increased PAI-1 inhibition rate that is the result of the substitution of the 
VR11 loop of thrombin with that of t-PA, might be caused by an altered product distribution 
betweenn these two branches of the reaction mechanism, i.e. creating a preference for 
irreversiblee complex formation. Therefore, the apparent stoichiometrics (r+l;  partition 
ratioo + 1) of the thrombin and thrombin-VRltPA inhibition reactions by PAI-1 were 
determinedd using two methods. First, titration of thrombin(-VRltpA) with calibrated PAI-1 
revealedd small differences in the partition ratios (Table 1). Second, SDS-PAGE analysis of 
thee products of the inhibition reaction confirmed the small differences found by titration, 
showingg significant and comparable PAI-1 cleavage for both thrombin and thrombin-
VRltPAA (Figure 4). Apparent stoichiometrics for the reaction of the c39 variants with PAI-1 
weree determined in the same way, with comparable results (Table 1 and Figure 4). The 
resultss show mat the VR1 loop mutations cause minor differences in the stoichiometry, 
comparablee to the differences found by substitution of the entire t-PA VR1 loop in 
thrombin. . 

Hence,, substitution of the VR1 loop of t-PA in thrombin-VRlffA or the presence of 
otherr substitutions (c39) do not significantly alter the distribution in the reaction pathway 
betweenn PAI-1 cleavage and irreversible protease/PAI-1 complex formation. 

EffectEffect of hirugen on the inhibition of thrombin by PAI-1 

Thee hirudin-derived decapeptide, hirugen, is known for its ability to allosterically modulate 

thee interaction of thrombin with numerous target substrates and inhibitors by altering 
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catalysiss rather than affinity (Skrzypczak-Jankun et al, 1991; Bock et al, 1997). On these 
tPA-. . grounds,, hirugen was tested for its ability to alter catalysis in the thrombin(-VRl )/PAI-l 

complex,, similar to the stimulatory effect of the t-PA VR1 loop on the same catalytic 
event(s).. The hirugen-like peptide, succ-(Pro58, D-Glu65)-hirudin(56-65) which is one 
residuee shorter than the hirugen used in the crystal structure, was used because of its higher 
affinityy for thrombin than hirugen (KD < 100 nM; Payne et al, 1991). The dose-response 
off the hirugen fragment concentration on the apparent second-order rate constant (Aj) of 
thrombin(-VRltPA)) inhibition by PAI-1 was determined (Figure 5a and 5b). Plots for both 
thrombinn and thrombin-VRlIPA show that the hirugen fragment has an allosteric effect on 
thrombinn inhibition by PAI-1, since the rate constants approach a non-zero value (A:") at 
highh hirugen fragment concentrations (highest concentration used is 0.5 mM; not shown). 
Att these saturating conditions, hirugen has an 8-fold larger effect (k° / k ° °) on the 
apparentt rate constant of thrombin-VRltPA inhibition (20-fold), compared to wild-type 
thrombinn (2.5-fold). The minimal values of h at saturating hirugen concentration (k°°) 
equall the apparent second-order rate constants for inhibition of the thrombin/hirugen-
complexx and were determined to be 2.7T02 NT's"1 and 5.5104 M"V for thrombin and 
thrombin-VRl"^,, respectively. This indicates that hirugen decreases the rate of thrombin-
VRlffAA inhibition by PAI-1 towards that of wild-type thrombin. Thus, a 200-fold difference 
inn the inhibition rate is observed between these thrombin variants, instead of the 1600-fold 
differencee in the absence of hirugen. In addition, the apparent dissociation constants 
(K^(K^pp ) of the thrombin/hirugen-complexes derived from these data (half-maximal effect) 
aree 73 and 297 nM, respectively, indicating weaker binding of hirugen to thrombin-VRltPA 

butt a larger maximal effect on its rate off inhibition by PAI-1. Therefore, hirugen binding to 
thrombin(-VRltPA)) still allows inhibition of the thrombin-hirugen complex by PAI-1, but 
substantiallyy decreases the inhibition rate. 

E-l# # 

Figuree 4. SDS-PAGE 1 2 3 4 5 6 7 8 
analysiss of the products of 
thee inhibition reactions of """""* —— «•—» —»- - —— 
thrombinn (lanes 1-2), . 

thrombin-VRl,PAA (lanes 5-6) — • — "~~~ *"""' ~ ~ ~"~ "*"" =^~ ' 
andthrombin-VRl̂ -RSfMQQ E 
(laness 7-8) by PAI-1. Each thrombin variant (800 nM) was incubated with PAI-1 (3.6 uM) 
forr either 10 seconds (lanes 1, 3, 5 and 7) or 1 hour (lanes 2, 4, 6 and 8) at 37° C. After the 
respectivee time-intervals, the samples were immediately quenched and subjected to 10% 
(w/v)) SDS-PAGE, stained with Coomassie Brilliant Blue. Indicated are: thrombin variant 
(E),, intact PAI-1 (I), cleaved PAI-1 (I*) and pseudo-irreversible thrombin/PAI-1 complex (E-
f),f), as described in figure 2. 
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Wee studied the effect of hirugen on the initial reversible binding step of thrombin-VRltPA 

andd PAI-1, using thrombin-S195A-VRltPA and SPR. Thrombin-SIQSA-VRI^ was 
immobilizedd on a sensor-chip, saturated with hirugen by preinjecting with 80 \i\ 70 uM 
hirugen,, and PAI-1 binding was monitored at various PAI-1 concentrations (50-400 nM) 
inn the presence of 70 |aM hirugen (Figure 5c). The results indicate that the thrombin-
VRltPA/hirugenn complex binds PAI-1 with similar association and dissociation rate 
constantss compared to uncomplexed thrombin-VRltPA (Table 2). Next, we established that 
hirugenn did not alter the stoichiometry of the reactions by titration and gels as described in 
thee previous section (data not shown). Therefore, the observed 20-fold decreased PAI-1 
inhibitionn rate in the presence of hirugen is not the result of an equivalent decrease of PAI-
11 binding to thrombin-VRltPA/hirugen complexes or increased cleavage of PAI-1. Rather, 
itt is a consequence of the decreased rate constant of a unimolecular step in the catalytic 
mechanismm of thrombin(-VRl A)/PAI-1 inhibition. 

Figuree 5. The effects of hirugen on the interaction 
off thrombin and thrombin-VRT™ with PAI-1. (a) 
Thrombinn and (b) thrombin-VRltPA amidolytic 
activityy was measured at various time intervals and 
usedd to calculate the apparent second-order rate 
constantss (kï) of PAI-1 inhibition as described in 
Materialss and Methods. Apparent second-order rate 
constantss (k) were calculated from the initial rates 
off inhibition of either 5 nM thrombin by 1.8 uM 
PAI-1,, or 5 nM thrombin-VRl1™ by 7 nM PAI-1, 
bothh in the presence of increasing hirugen 
concentrations.. Apparent k\ is plotted versus the 
hirugenn concentration. Solid lines are fits of the 
plotss shown in panels a and b to the hyperbolic 
equationn described in Materials and Methods. 
Apparentt equilibrium dissociation constants 
( K ^ p )) determined from these fits were 73 and 
2977 nM for the thrombin/hirugen and thrombin-
VRltPA/hirugenn complexes, respectively, (c) The 
effectt of hirugen on reversible binding of PAI-1 to 
thrombin-S195A-VRltPAA was determined using 
SPR.. Thrombin-S195A-VRl,PA was immobilized 
andd either saturated with hirugen (70 uM) prior to 
applyingg a solution of 50 nM PAI-1 with 70 uM 
hirugenn (blue), or a solution of 50 nM PAI-1 was 
directlyy applied in the absence of hirugen (red). 
Kineticc binding constants for the interaction of PAI-
11 with the hirugen/thrombin-S195A variant 
complexess were determined from four different 
PAI-11 concentrations (50̂ 1-00 nM; see Table 2). 
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SimulationSimulation of the suicide substrate mechanism kinetics 

Thee dominant role of the catalytic serine in the interaction of serine proteinases with 
serpinss has been documented (Olson et al, 1995). The absence of a significant effect of the 
t-PAA VR1 loop substitution in thrombin(-S195A) on reversible PAI-1 binding, strongly 
suggestss a change of unimolecular steps in the catalytic mechanism of the active protease. 
Inn this view, the t-PA VR1 loop likely augments the potency of the active-site serine 
residuee (Serl95) of thrombin-VRl** to participate in the catalytic events that are defined 
byy the protease/serpin inhibition mechanism (Wilczynska et al, 1995; Olson, 1985; 
Patstonn et al, 1991). In order to determine the magnitude of this effect we have utilized a 
computer-simulatedd model of the suicide substrate mechanism as described in Materials 
andd Methods. Briefly, the rate equations that describe the suicide substrate mechanism 
weree numerically integrated employing the concentrations and rate constants described in 
thiss paper. Thus, the concentrations of all reactants, intermediates and products were 
calculatedd over the time-course of the inhibition reaction and compared to experimentally 

io»» k,(s') 

Figuree 6. Comparison of experimental data to a kinetic model of the suicide substrate 
mechanism.. Using the procedures described in Materials and Methods, the decrease in 
thrombinn (panel a) and thrombin-VRltPA (panel b) activity resulting from the inhibition by 
PAI-1,, was calculated theoretically for a set of-700 combinations of ki and fa. For each of 
thesee combinations, the resulting modeled values were compared to the experimentally 
obtainedd decrease in thrombin(-VRllPA) concentration by assessing the statistical value X 
(weighedd sum of squared residuals), which was normalized to the minimal values ( Xmin ) 
thatt were observed using X / Xmw . Combinations of fe and fa that agree well with the 
experimentall data result in low values of X / Xmin (optimal=l). The solid surface that 
wass imposed on these results is colored by X / XmiTl value, according to: < 1.2 (red), 1.2 -
1.55 (dark red), 1.5 - 2.0 (dark blue), and > 2.0 (blue). 
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obtainedd data. Two out of the five rate constants that describe the interaction between 
thrombin^VRl^)) and PAI-1 kinetically (Figure 2), have been determined directly (kx and 
k.\,k.\, see Table 2). The rate constants of irreversible acylation (k2), the substrate branch (£3) 
andd the suicide branch fa) are difficult to determine experimentally. The apparent 
stoichiometry,, however, quantifies the partitioning of the inhibition mechanism (r = £3 / 
&4),, thus making it possible to calculate &3 from each value of k ŷ or vice versa. Therefore, 
thee kinetic model was based on the experimentally determined values of k\, k.\ and r, and 
ann arbitrary set of values of k2 and £4. 

Thee resulting theoretically predicted decrease in tnrombin(-VRltPA) activity was 
calculatedd for -700 combinations of k2 and A4, and for each combination a comparison was 
madee with the decrease in thrombin activity that is observed experimentally. The statistical 
valuee X (weighed sum of squared residuals) was taken as a measure for the agreement of 
thee model with the experimental data, and normalized to the minimal value observed 
(X(X I £min ). Plots of k2 and £4 versus X21Xl  ̂ for thrombin and thrombin-VRl"* are 
shownn in figure 6a and 6b, respectively. Interestingly, an optimal fit is found for a distinct 
valuee for k2 of 3.1- 10"3 s"1 for wild type thrombin, while for thrombin-VRl0* all k2 values 
higherr than 1 s"1 are best. For both thrombin and thrombin-VRl^ however, all values of 
&44 higher than 10"2 s"1, in combination with the optimal values for k2, give an optimal fit to 
thee experimental data. Therefore, in wild type thrombin acylation (k2) is the rate-limiting 
stepp in catalysis since at the narrowly defined optimal value for k2, all values of A4 higher 
thann its rate-detemiining limit are possible. In other words, increasing h, does not increase 
thee reaction rate, thereby increasing the X values, because of the rate-limiting nature of 
acylation.. To be in agreement with the experimental findings, acylation (k2) in thrombin-
V R l ^^ must be increased at least 500-fold to a value of >1 s"\ which is no longer rate-
limiting.. As a consequence, the apparent second-order rate constant of inhibition is of the 
samee magnitude as the rate constant of initial complex formation (k{). Since for thrombin-
VRltPAA k2 » k.i, initial complex formation is the rate-limiting event in the inhibition 
mechanismm at the inhibitor concentrations used in this study. 

Finally,, for thrombin-VRlffA an identical plot was calculated with an apparent 
stoichiometryy of one (r = 0), i.e. inhibitor cleavage is infinitesimally low (data not shown). 
Thee result is virtually identical to that obtained for r = 0.5, with similar minimal values of 
kk22 and fej. Therefore, due to the irreversible nature of the acylation step (k2), a substantial 
increasee of k* resulting in a decrease in apparent stoichiometry to approximately one, 
cannott be responsible for the increase in the rate of thrombin- V R l ^ inhibition by PAI-1. 
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Discussion n 

Thee VR1 loop in serine proteases is one of several surface exposed loops that are believed 
too facilitate target protein binding by serine proteases, functioning independently from the 
active-sitee catalytic triad (Furie et al, 1982; Bode et al, 1989,1992). It has been identified 
specificallyy to (partially) confer specificity of t-PA (Madison et al, 1989, 1990a,b), u-PA 
(Sipleyy et al, 1997) and thrombin (Horrevoets et al, 1993) for the serpin PAI-1. In order 
too get structural and mechanistic insight into the way this is accomplished, we used the 
thrombinn variant thrombin-VRltPA, which displays a t-PA-like PAI-1 inhibition rate after 
replacementt of the entire VR1 loop of thrombin with that of t-PA (Horrevoets et al, 1993). 

Thee structure of thrombin-VRllPA (Figure lb) was resolved showing that no gross 
changess were introduced in thrombin's structure by introducing the much longer t-PA 
VR11 loop. Although 5/12 residues of this flexible surface exposed loop were unresolved, 
thee structure clearly shows that the resolved VR1 residue Arg304(c39) at the bottom of the 
loop,, is located on the corner of the northern-exit and the eastern-exit (anion binding 
exositee I). The involvement of glutamic acid residues in the RCL of PAI-1 in forming a 
salt-bridgee with Arg304(c39) in t-PA and thrombin-VRltPA was demonstrated in various 
studiess (Madison et al, 1989, 1990a,b; Van Meijer et al, 1996). Recently, a deleterious 
effectt of Glu39 was suggested to be at the basis of the low rate of the PAI-1/thrombin 
interactionn (Rezaie, 1998). Interestingly, this position (c39) is occupied by threonine in u-
PA,, the protease with the highest rate of inhibition by PAI-1, making the importance of 
thiss salt bridge questionable (Spraggon et al, 1995). Indeed, our study demonstrates a 
minorr contribution of Glu39 and Arg304(c39) in the VR1 of thrombin^VRl^) to the rate 
off PAI-1 inhibition. Nevertheless, the differences in inhibition rates mat were observed are 
inn agreement with the existence of such an interaction. Similar studies have been 
performedd for t-PA inhibition by PAI-1 yielding similar 4-fold differences as a result of the 
replacementt of single charged with uncharged residues (Madison et al, 1989, 1990a; Le 
Bonniecc et al, 1991). Much larger effects were observed by single or triple arginine to 
glutamicc acid charge reversals of charged residues at the (unresolved) top of the VR1 
(Madisonn et al, 1990a). These results suggest that this part of the VR1 loop of t-PA 
(KHRRR 296-299) or u-PA (RRHR) (Sipley et al., 1997) is significantly involved in the 
physicall contact between the protease and the RCL of PAI-1. Charge reversal mutations, 
althoughh very informative in locating interaction sites, tend to exaggerate the contribution 
off these residues to the total binding energy, as exemplified by the SPR studies described 
here. . 

AA clear definition of the suicide substrate mechanism is starting to evolve based on the 
workk of different groups (Olson, 1985; Patston et al, 1991). The mechanism that was 
proposedd on basis of these data comprises at least three distinct stages at which the rate of 
protease-serpinn inhibition can be altered, i.e. Michaelis complex formation, covalent 
intermediatee formation (acylation) and the branched steps that determine the apparent 
stoichiometryy of the reaction (loop insertion and deacylation). Several studies have shown 
thatt in the pseudo-irreversible serpin-protease complex the catalytic serine of the protease 
iss covalently linked to the PI residue of the serpin, and that the scissile bond (1^ - Pj) of 
thee RCL is cleaved (Olson et al, 1995; Wilczynska et al, 1995; Shore et al, 1995). 
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Furthermore,, it has been shown that insertion of the serpin RCL in its central fl-sheet is a 
prerequisitee for stable complex formation, which can occur only after RCL cleavage and 
thuss covalent attachment of tiie serpin PI residue to the catalytic serine of the protease 
(Olsonn etal, 1995; Shore etal, 1995; Björketa!., 1993). 

Wee now show that the VRl-loop of t-PA stimulates exactly this crucial step 
(acylation)) in the suicide substrate reaction. The results of the modeling of the suicide 
substratee reaction kinetics showed that the interaction is insensitive for the rate constants of 
loopp insertion and deacylation at values of >10"2 s"1. In contrast, for wild-type thrombin an 
optimall match of the model to the experimental data is found at a distinct value for the 
acylationn rate constant of 3- 10"3 s', whilst for thrombin-VRlfl'A best fits are obtained at 
valuess of >1 s1. This demonstrates that in the case of wild-type thrombin, acylation is the 
rate-limitingg step in the irreversible inhibition by PAI-1, which is alleviated by the 
substitutionn of the VR1 loop of t-PA in thrombin. In this way the kinetic block is released 
thatt causes the poor rate of wild type thrombin inhibition by PAI-1 (k\ ~ 103 M 's"1 ), 
despitee the high rate of reversible association, i.e. Michaelis complex formation (ki ~ 106 

M'V1).. The overall result of the 500-fold increased rate of acylation being mat most 
thrombin-VRlthrombin-VRltpAtpA/PAI-l/PAI-l encounters lead to a full turnover of the mechanism before 
dissociationn of the Michaelis complex can occur. The values for the individual rate 
constantss that we obtained, correlate well with published data for various serpin-protease 
interactionss (Olson & Shore, 1986; Shore et al, 1995). 

Thus,, the major part of die effect of the t-PA VR1 loop on the mechanism of 
protease/PAI-11 inhibition is the result of a substantial increase in the rate of acylation. 
Combiningg our structural and kinetic data, we come to the following mechanistic 
interpretation.. Based on the proposed mechanism of serpin action, we hypothesize that the 
highlyy charged t-PA VR1 loop mediates an induced fit-type of interaction between the 
PAI-11 RCL and the active site of t-PA and thrombin-VRl0^. Hence, it can induce a more 
optimall conformation (preorientation) of the PAI-1 RCL that has a substantial stimulatory 
effectt on the rate of acylation, but produces just a minor increase in the affinity of the initial 
dockedd complex, which is in agreement with the 5-fold higher affinity of PAI-1 for 
thrombin-VRlffAA found in this study. The profound conformational changes that 
accompanyy irreversible complex formation, i.e. RCL insertion, likely cause a disruption of 
thee catalytic triad of the protease and/or exclusion of water from the active site, thus 
preventingg deacylation of the post-loop insertion acyl-enzyme intermediate. This concept 
suggestss the ability of the t-PA VR1 loop to take advantage of its flexible nature in drawing 
thee initial reversible protease-serpin complex past the acylation stage, thus converting it 
intoo the pseudo-irreversible form. However, the t-PA VR1 loop substitution in thrombin 
specificallyy accelerates PAI-1 inhibition, while neither the rates of inhibition by anti-
thrombinn III or heparin cofactor II nor the cleavage of the substrates fibrinogen or protein 
CC are affected (Horrevoets et al., 1993 and unpublished results). These findings impose the 
restrictionn that the t-PA VR1 loop only optimizes the conformation of the highly flexible 
RCLL of PAI-1. It can thus be stated that binding of the serpin's RCL (Glu350, 351) to the 
topp part of the t-PA VR1 (Arg298, 299) is a prerequisite for obtaining the large 
acceleratingg effect on the interaction rate constant, a condition that only PAI-1 complies 
withh of all substrates/inhibitors tested. In fact, this part of the VR1 loop is disordered in 
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thrombin-VRl1™,, very similar to all published structures of the t-PA catalytic domain, 
indicatingg that flexibility is an inherent property of this loop and likely a necessity to 
establishh this interaction (Lamba et al, 1996; Renatus et al, 1997a,b). The proposed 
mechanismm of t-PA VR1 loop fiinction is confirmed by the fact that binding of hirugen to 
orr near the VR1 of t-PA in thrombin-VRl** decreases the PAI-1 inhibition rate towards 
thatt of wild-type thrombin, thus reducing the 1600-fold increased rate of thrombin-VRl^ 
inhibitionn to 200-fold. Likely, the binding of hirugen to thrombin-VRltPA counteracts this 
catalyticc step, that is stimulated by the presence of the flexible t-PA VR1 loop, by 
restrainingg its adaptability to the very mobile serpin RCL. With respect to these findings, it 
iss interesting to note that a comparable catalytic serine to alanine variant of t-PA has a 30-
foldd higher affinity for PAI-1 than thrombin-S^SA-VRl0*, i.e. KD 3-5 nM (Lijnen et al, 
1991).. Most likely, the VR1 loop of t-PA increases the PAI-1 inhibition rate by functioning 
identicallyy in both t-PA and thrombin-VRl^. The approximately 10-fold higher 
inhibitionn rate constant for t-PA/PAI-1 (~107 M~V!), compared to thrombin-VRl0*, might 
thenn be the result of this 30-fold higher affinity of PAI-1 in the native environment of the t-
PAA VR1 loop, i.e. the t-PA catalytic Ser-»Ala variant. This difference is presumably 
causedd by the presence of other surface exposed regions in t-PA that facilitate PAI-1 
binding,, and/or the property of the t-PA VR1 loop to bind PAI-1 better if it is present in t-
PA. . 

Inn conclusion, using protein crystallography, VR1 loop mutagenesis, an allosteric 
thrombinn modulator and catalytic serine inactivated thrombin variants we show that the 
isolatedd t-PA VR1 loop in thrombin-VRl0* profoundly augments the PAI-1 inhibition rate 
byy increasing a unimolecular catalytic step in the inhibition mechanism. This shows that 
thee specificity of the serpin-protease pair can be established at the level of a unimolecular 
(catalytic)) step rather than an initial binding step. We provide the first evidence for a 
protease-serpinn interaction site that facilitates a unimolecular catalytic event, rather than 
enhancee an initial binding step: A single surface exposed loop capable of alleviating a 
kineticc block that restricts the limited serpin specificity of a serine protease. 

Material ss and Methods 

Material s s 

Thee chromogenic substrates PyroGlu-Pro-Arg-/MÜtroanilide (where PyroGlu is L-
pyroglutamicc acid; S2366), and H-D-Phe-Pip-Arg-/7-nitroaniline (where Pip is Z,-pipecolic 
acid;; S2238) were obtained from Chromogenix (Mölndal, Sweden). The irreversible 
active-sitee directed thrombin inhibitor Phe-Pro-Arg-Chloromethyl-ketone (PPACK) was 
obtainedd from Calbiochem (San Diego, CA). All additional chemicals were obtained from 
Sigmaa (St Louis, U.S.A.). 

Proteins s 

Ovalbuminn (grade V) was obtained from Sigma (St. Louis, U.S.A.). The hirugen-like 
decapeptidee succ-(Pro58, D-Glu65)-hirudin (56-65), designated hirugen, was obtained from 
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Bachemm (Bubendorf, Switzerland; Lot# 501574). Active PAI-1 was generously provided by 
Dr.. T.M. Reilly (Dupont de Nemours, Wilmington, DE). Phospholipids, hFXa, hFV, and 
humann a-thrombin purified from plasma were a gift of Dr. G. Tans (University of 
Limburg,, The Netherlands). 

Construction,, expression, and activation of recombinant prothrombi n variants 

Humann prothrombin and prothrombin-VRltPA (containing the VR1 domain of t-PA) 
cDNA'ss were obtained as described, and cloned in the Smal site of the pNUT eukaryotic 
expressionn vector as T4 polymerase blunted EcoBl-Xbal fragments (Horrevoets et al, 
1993).. The prothrombin variants prothrombin-E39Q, prothrombm-Wl^-IOtMQ, 
prothrombin-S195AA and prothrombin-S195A-VRl1PA were constructed with the PCR 
overlapp extension technique (Ehrlich et al, 1991) using two flanking amplification 
primers,, and partially overlapping oligonucleotides: 5'-C CAG CAG CTG CTG TGT 
GGG-3'' and 5'-CC ACA CAG CAG CTG CTG GG-3' (prothrombin-E39Q), 5'-GG 
GAGG CAG TTC CTG TGT GGG-3' and 5'-CC ACA CAG GAA CTG CTC CCC-3' 
(prothrombin-VRrA-R304Q),, and 5'-GT GAA GGT GAC GCC GGG GGA CCC TTT 
G-3'' and 5'-C AAA GGG TCC CCC GGC GTC ACC TTC AC-3' (prothrombin-S195A). 
Subsequently,, the wild-type VR1 sequence of the pNUT-prothrombin construct was 
replacedd with the Sstl-BglU fiagments of the variant VR1 sequences. The variant 
prothrombin-S195A-VRlfl>AA was prepared by inserting the Sstl-BglU fragment of 
thrombin-VRltPAA (containing the VR1 domain of t-PA) in prothrombin-S195A, and 
verifiedd by sequencing. All prothrombin variants were expressed in stable Baby Hamster 
Kidneyy cell lines and purified as described (Horrevoets et al, 1993, 1997). Subsequently, 
thee prothrombin variants were converted to their 'active' two-chain forms by the 
prothrombinasee complex (hFXa, hFVa, Ca2+, and phospholipids), and purified to 
homogeneityy (Tans et al, 1991). Thrombin(-E39Q) and thrombin-VRl^-P^tMQ) were 
activee site-titrated with hirudin and PPACK, both calibrated on a human V-thrombin 
standardd (Horrevoets et al, 1993). All thrombin variants had near wild-type amidolytic 
activitiess on the chromogenic substrate S2238. The concentrations of the thrombin-S195A 
variantss were determined using a standard BCA assay (Pierce, Rockford, Illinois, U.S.A.), 
andd by measuring the absorbance at 280 nm (A280). All purified thrombin variants showed 
aa single band of ~37 kDa after SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 
Westernn blotting. 

Crystallization,, data collection and model building 

Crystalss of thrombin-VRltPA were grown with the hanging drop vapour diffusion 
method.. To a solution of thrombin-VRltPA, dialyzed against 3 mM HEPES pH 6.0, 
1500 mM NaCl, an eightfold molar excess of hirugen (Af-acetyl hirudin 55-65, Tyr63 
sulfated,, Sigma) was added. The initial drops consisting of 4 (il of 1.7 mg/ml of 
thrombin-VRltPAA and 2 ul precipitant solution were equilibrated against a precipitant 
solutionn containing 22 - 32 % (w/v) PEG 8000, 200 mM NaCl and 100 mM Tris/HCl 
(pHH 7.4 - 8.6). After one day of equilibration at 6 °C, the drops were micro seeded 
withh crystals of human a-thrombin (Boehringer) grown under the same conditions. 
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Smalll crystals of thrombin-VRltPA were used as macro seeds to obtain larger crystals. 
Thesee crystals of monoclinic space group C2 have unit cell parameters a = 70.88, b = 
71.966 , c = 73.04, a = p4 = 90° and y= 100.65°. 

Diffractionn data to 1.9 A resolution were collected at 16 °C using a MAR 300 
imagee plate with a Rigaku rotating anode (CuKa) source. The intensities were 
integratedd with MOSFLM (Leslie, 1991), then scaled and merged with the CCP4 
programss SCALA and TRUNCATE (CCP4,1994). 

Thee thrombin-hirugen complex (Skrzypczak-Jankun et ah, 1991, PDB code: lhgt) 
wass used as a starting model for crystallographic refinement. The model was 
improvedd in several cycles of refinement including rigid body and B factor refinement 
usingg REFMAC (Murshudov et al., 1997). Structure annealing was carried out with 
thee CNS suite (Briinger et al, 1998). FRODO (Jones, 1978) was used for model 

Tablee 3. Crystallographic and refinement statistics 

Celll dimensions (A, deg.) 
Spacee group 
Resolutionn range (A) 
Uniquee reflections 
Multiplicity y 
Completee (%) (last shell/A) 

Rsym(%)Rsym(%) (last shell) 
RefinementRefinement statistics 
Resolutionn range (A) 
Uniquee reflections 
Reflectionss in test set 
^ciystt  (% ) 

* fa.(% ) ) 
Proteinn atoms (non-H) 
Ligandd atoms (non-H) 
Solventt atoms (non-H) 
Averagee fi-factor (A2) 
r.. m. s. AB 
DeviationsDeviations from ideality (r.m.s.) 
r.. m. s. bonds (A) 
r.. m. s. angels (°) 

aa = 70.88, b = 71.96 , c = 73.04, a = p* = 90°, y= 100.65c 

C2,, 1 molecule per asymmetric unit 
19.9-1.9 9 
24804 4 
2.3 3 
92.2(81.8) ) 
(2.04-1.93) ) 
9.44 (43.9) 

19.9-1.9 9 
24228 8 
2487 7 
20.4 4 
25.6 6 
2344 4 
91 1 
84 4 
42.3 3 
4.05 5 

0.014 4 
2.7 7 

.. IN,-(/w)| 
A ,, — x-« / \ /v 

sym sym £('(*)} } 
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|| io6tf|| A , | /ca/c| 
__ hklaW 
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cryst cryst 

hklcW hklcW 
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building.. As there was no electron density for the VR1 loop, the RRSPG 
(c37A-c37E)) segment as modeled for the t-PA catalytic domain (see Lamba et al., 
1996)) was transferred into the thrombin-VRltPA model and regularized with FRODO. 
Waterr molecules were built with ARP (Lamzin et al., 1993). 

Thee final model looks very similar to that of the thrombin-hirugen 55-64 
complexx (Skrzypczak-Jankun et al., 1991). Optimal superposition calculated with all 
Cocc coordinates of the heavy chain revealed a r. m. s. deviation of 0.3 A. The light 
chainn is defined from AlalB to IleHK, the heavy chain from Ilel6 to His37, from 
Glu388 to Thrl47 and from Glyl50 to Asp243. The hirugen is ordered from Asp55 to 
Leu64,, with no adequate density for the A'-acetyl group and the C-terminal Leu. All 
orderedd residues exhibit an allowed or generously allowed main chain conformation 
ass proved with PROCHECK (Laskowski et al., 1993). The final model parameters are 
givenn in Table 3. The coordinates have been deposited at the Brookhaven PDB (code 
1VR1). . 

Determinationn of the PAI-1 inhibitio n rate constants 

Too prevent protein adsorption all experiments were performed in Eppendorf tubes or in 
wellss of a microtiter plate (Nunc Maxisorp; GIBCOBRL, Gaithersburg, MD) that had 
beenn pretreated for 1 h at 37° C with 1% (wA>) polyethylene glycol 20,000 and 
subsequentlyy washed with distilled water. Prior to all experiments, the needed PAI-1 
dilutionss were titrated on a calibrated t-PA standard. Apparent second-order PAI-1 
inhibitionn rate constants were determined for thrombin and thrombin-E39Q by incubating 
55 nM thrombin variant with 2 uM PAI-1 at 37° C in HBSO buffer (20 mM HEPES [pH 
7.4],, 150 mM NaCl, and 0.5 mg/ml ovalbumin). Apparent second-order PAI-1 inhibition 
ratee constants for thrombin-VRltPA and thrombin-VRlIPA-R304Q were determined by 
incubatingg 1 nM thrombin-VRl4™ variant with 10 nM PAI-1 at 37° C in HBSO buffer. At 
specificc time intervals, aliquots of 5 u.1 (thrombin variant) or 35 \i\ (thrombin-VRlffA 

variant)) were withdrawn and the reaction was quenched by diluting 20-fold or 5-fold, 
respectively,, in HBSO buffer containing 0.5 mM of S2238 chromogenic substrate. 
Residuall thrombin amidolytic activity in these aliquots was measured at 37° C, by 
continuouslyy recording the absorbance at 405 nm in a Titertek Twinreader (Flow 
Laboratories,, Irvine, U.K.). Plots of residual activity (relative to thrombin activity in the 
absencee of PAI-1) versus time were constructed, and analysed as described under "Kinetic 
datadata analysis". Apparent stoichiometrics (1+r) for the inhibition of all thrombin variants 
byy PAI-1 were determined using the titration method and, alternatively, by quantitative 
analysiss of Coomassie-stained SDS-PAGE gels, both as described (Van Meijer et al, 
1997a). . 

Surfacee Plasmon Resonance (SPR) 

Reversiblee binding of various components was studied using SPR in a BIAcore 2000 
systemm from BIAcore AB (Uppsala, Sweden). All binding experiments were performed on 
CM55 Sensor Chips (BIAcore AB) at 25.0° C. Thrombin-S195A and thrombin-S195A-
VRltPAA were immobilized on a sensor chip as described for thrombin (Van Meijer et al, 
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1997b).. Approximately 4000 response units of both thrombin-S195A variants were 
coupledd at 40 ng/pl in 10 mM sodium acetate (pH 6.0) buffer. In all SPR experiments, 
complexx dissociation was monitored by injecting HBS buffer (20 mM HEPES [pH 7.4], 
1500 mM NaCl, 3.4 mM EDTA, and 0.005% (v/V) P20) at a flow rate of 20 uJ/min. 
Bindingg of PAI-1 to the immobilized thrombin-S195A variants was monitored by applying 
variouss concentrations of PAI-1 (50-250 nM) in HBS buffer at a flow rate of 20 uJ/min. 
Bindingg of PAI-1 to trirombm-S195A-VRlffA/hirugen complexes was monitored by first 
saturatingg surface bound thrombin-S^SA-VRl** with himgen. To that end, 80 pi 70 pM 
hirugenn in HBS buffer was preinjected at 20 pl/min, immediately followed by PAI-1 (50-
4000 nM) with 70 pM himgen in HBS, using the 'co-inject' function, and binding was 
monitored.. For the binding experiments in the presence and absence of hirugen, a new 
sensorr chip with immobilized thrombin-S195A-VRlffA was prepared. Association and 
dissociationn rate constants were determined from the sensorgrams that were obtained with 
SPR,, using the BIAevaluation software (BIAcore AB). Briefly, dissociation rate constants 
(fas)(fas) w e r e fitted globally on the dissociation data that were obtained with various analyte 
concentrations.. Subsequently, the association rate constants (&,») were determined by 
globall fitting of the association phase of the sensorgram, with fixed dissociation constants 
thatt were determined previously. Thermodynamic equilibrium dissociation constants (KD) 
weree calculated usingg the relation: KQ = k^l k^. 

Effectt  of hirugen on PAI-1 inhibitio n 

AA similar procedure was used to determine the effect of succ-(Pro5g, Z)-Glu65)-hirudin (56-
65),, denoted hirugen, on the inhibition of thrombin and thrombin-VRl*1^ by PAI-1. Either 
55 nM thrombin or mrombin-VRltpA was prewarmed in HBSO buffer for 5 min at 37° C, in 
thee presence of increasing concentrations (0-100 pM) of hirugen. The inhibition reaction 
wass started by the addition of PAI-1 to a final concentration of 1.8 pM and 7 nM, 
respectively.. At various time intervals 20 pi subsamples were withdrawn, and quenched by 
dilutingg 8-fold in HBSO buffer containing 0.7 mM of S2238 chromogenic substrate. 
Thrombinn residual amidolytic activity was determined as described above. 

Kineti cc data analysis 

Apparentt second-order rate constants of PAI-1 inhibition for all thrombin variants were 

determinedd using the non-linear regression algorithm of Marquardt-Levenberg (Sigmaplot 

4.01,, SPSS Inc., U.S.A.). Thrombin and thrombin-E39Q were inhibited by PAI-1 under 

pseudoo first-order conditions. Therefore, the time-residual activity plots were fitted using a 

single-exponentiall decay function. The resulting pseudo first-order rate constant (k') was 

convertedd to the apparent second-order rate constant of inhibition (k\), according to the 

relation:: k = k' I [PAI-1]. Plots for thrombin-VRl0* and thrombin-VRl^-RSG^Q were 

convertedd to the second-order linear relation described in Equation 1. 
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In n 

k:k: t = 

++ d 
(( A A ^ 

[PAI]] 0 - [thrombin] 0 

withh A = A t - A A 
A 00 — Ac 

== [thrombin] 0 

[PAI]» » 

Wheree A* is the residual thrombin activity at the time points measured, Ao is the initial and 

Ac,, is the final (all thrombin inhibited) residual amidolytic activity. In addition, [thrombin]o 

andd [PAI]o are the total thrombin and PAI-1 concentrations, respectively. Plots of (^ • t) 

versuss time were linear with a slope mat equals the apparent second-order rate constant of 

inhibitionn by PAI-1 (fy. 

Apparentt second-order rate constants of thrombinf-VRl^ inhibition by PAI-1 in the 

presencee of hirugen, were calculated from the subsample experiments using initial 

inhibitionn rates. Therefore, plots of residual activity versus time were each separately fitted 

too a standard double exponential decay function using the non-linear regression algorithm 

off Marquardt-Levenberg. Parameters that fitted the data best were used to calculate initial 

rates,, which were converted to apparent second-order inhibition rate constants (k\) 

accordingg to Equation 2. 

ViVi = (*i • A, + *2 • (1 - AO)- [thrombin] Q=>k^ — */ (2) 
[thrombin]] 0 • [PAI] 0 

wheree V\ is the initial rate in M- s"1, k\ and k2 the time-constants for both exponential 

components,, and A] the amplitude of the first component. Plots of the apparent second-

orderr inhibition rate constant (^) versus hirugen concentration were fitted to Equation 3. 

k,k, = k~ + 
K™K™ + [hirugen] 

withh Ak{ =k°-k™ (3) 

Wheree Â 0 and k°° are the apparent second-order inhibition rate constants at zero and 

infinitee hirugen concentrations in M^s"1, respectively. The decrease of k\ for inhibition of 

thee thrombin-hirugen complex by PAI-1 is Ak{, K  ̂ is the apparent dissociation 

constantt of the thrombm-hirugen complex, and [hirugen] is the total hirugen 

concentration. . 

Kineti cc simulation of the suicide substrate mechanism 

Thee rate equations that describe the suicide substrate mechanism were numerically 

integratedd and compared with the experimental data to further elaborate on the affected 
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stepss in the inhibition mechanism. Equations 4 to 7 mathematically describe the rates at 
whichh the respective thrombin variant (E), PAI-1 (I) and all intermediates (EI, Michaelis 
complex;; EI\ irreversible covalent complex) are converted as described by the suicide 
substratee mechanism (see Figure 2). 

d[E] ] 

d; ; 

dg] ] 
dt dt 

d[EI] ] 

dt dt 

d[ET] ] 

d/ / 

== -*I-[E]-[T| + Ar̂ -CEI] + r kA[ET]  (4) 

== - ^ [ E ] [ I ] + ^ [ E I ] - ^ L [ I ] (5) 

== ^ [ E ] [ I ] -(*_1 + * 2 ) [E I ] (6) 

== k2[El]  - * 4 . ( l + r) . [Er] <7> 

Thiss stiff system of coupled difïerential equations (Eq. 4-7) was solved by computer aided 
numericall integration, using the method of Runge-Kutta with adaptive integration 
intervalss (Bucher, 1987). Equation 5 contains an extra term (-kL  [ I ] ) that expresses the 
ratee at which PAI-1 becomes latent (tA=  90 min; kL - 1.3 10 - 4 s - 1 ). The time range 
wass taken to be 0 < t < 2700 s and this interval was divided into 1700 steps. Numerical 
integrationss were performed for the inhibition of wild-type thrombin and thrombin-VRl f fA 

byy PAI-1 using fixed values for ki and kA (from Table 2) and r (from Table 1). Both rate 
constantss k2 and A4 were varied over a broad range of values (10*5 < k2 ^ 103 s'1 and 10*5 < 
A44 < 102 s"1) while k3 was calculated rrom each value of h, and the fixed parameter r using 
thee relation: k3 = r-k4. Thus a numerical solution was obtained describing the variation 
off the concentration of free thrombin ( [ E ] t ) , and all intermediates, throughout the course 
off the reaction independently for -700 combinations of k2 and fc». To allow comparison 
withh tiie experimentally determined decrease in thrombin concentration [ E ] f p , the 
modeledd values [ E ] t were corrected for the quenching that occurs in the experimental 
setupp according to Equation 8. Subsamples withdrawn at various time intervals were 
quenchedd by 1) diluting at least 20-fold, and if) by the addition of a large excess of 
criminogenicc substrate (1 mM S2238), as described under 'TJetermination of the PAI-1 
inhibitionn rate constants". The inhibition reactions were performed in SPR buffer at 25.0° 
CC to allow the use of the binding rate constants derived by SPR. Dilution of PAI-1 and 
saturationn of the active site of thrombin with the excess of chromogenic substrate renders 
bothh thrombin and PAI-1 unable to further participate in the inhibition reaction. Equation 
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88 calculates the additional release of free E that results from the complete dissociation of EI 

andd EI' at steady-state after quenching, and adds this to the concentration of free E that is 

alreadyy present at the time of quenching ([E] t ) : 

( ( 
[EH**  = [E]t + *-, , [EI]tt + 

'' r ^ 

rr  + l 

( ( 
[EHH + 

vv 2 -' 
[EI]tt \ (8) 

Now,, [E] ™ is directly comparable to [E](Xp. Subsequently, for all combinations of k2 

andd £4 the modeled and experimental values of [E] were compared at all experimental time 

intervalss (w) by assessing the statistical parameter X as described in Equation 9. 

2([E]ru-[Er) a a 

XX22 = ^ 
(9) ) 

nn —p 

Wheree n is the number of time intervals at which residual thrombin activity was 

experimentallyy determined (n = 18), and p is the number of parameters that were 

variedd (le. k2 and k*, p — 2). Values of X were normalized to the minimal value 

observedd ( X  ̂ ), being 2.9- 10"2 for thrombin and 2.6- 10"3 for thrombin-VRl^. Three-

dimensionall plots were constructed of k2 and k\ versus X / X  ̂ for wild-type thrombin 

andd thrombin-VRlIPA, upon which a solid surface was imposed. The selection criterion 

XX I Xnun < 1.5 was used to obtain the values of k2 and k* at which the model fits the 

experimentall data best. 
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Abstract t 

Thee identification of specific amino acid residues involved in protein-protein 
interactionn is fundamental to understanding structure-function relationships. Supported 
byy mathematical calculations, we designed a high-density mutagenesis procedure for 
thee generation of a mutant library of which a limited number of random clones would 
sufficee to exactly localize amino acids essential for a particular protein-protein 
interaction.. Experimentally, this goal was achieved by consecutive cycles of DNA 
shuffling,, under error prone conditions, each followed by exposure of the target 
proteinn on the surface of phages to screen and select for correctly folded, functional 
mutants.. To validate the procedure, human plasminogen activator inhibitor 1 (PAI-1) 
wass chosen, because its three-dimensional (3D) structure is known, many 
experimentall tools are available and it may serve as a model protein for structure-
functionn studies of serine proteinases and their inhibitors (serpins). After five cycles of 
DNAA shuffling and selection for t-PA binding, analysis of 27 randomly picked clones 
revealedd that PAI-1 mutants contained an average of 9.1 amino acid substitutions 
distributedd over 114 different positions, which were preferentially located at the 
surfacee of the protein. This limited collection of mutant PAI-1 preparations contained 
multiplee mutants defective in binding to three out of four tested anti-PAI-1 
monoclonall antibodies (MoAbs). Alignment of the nucleotide sequence of defective 
cloness permitted assignment of single dominant amino acid residues for binding to 
eachh MoAb. The importance of these residues was confirmed by testing the properties 
off single point mutants. From the position of these amino acid residues in the 3D 
structuree of PAI-1 and the effects of the corresponding MoAbs on t-PA - PAI-1 
interaction,, conclusions can be drawn with respect to this serpin-serine proteinase 
interaction. . 
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Introductio n n 

Thee identification of specific amino acid residues, involved in protein-protein 
interaction,, is an essential step towards understanding the function and the mechanism 
off a target protein. Presently, the analysis of consistent co-crystals is the best approach 
too unambiguously assign amino acid residues involved in interaction and to establish 
thee nature of the interaction (reviewed in Janin & Chothia, 1990 and Jones & 
Thornton,, 1996). However, co-crystallization of proteins is frequently unsuccessful 
eitherr due to intrinsic properties of the complex or to inability to find appropriate 
conditionss for crystallization. Therefore, in most cases, either random, alanine 
scanningg or site-directed mutagenesis is performed, followed by comparing the 
functionall properties of the corresponding mutant protein with its wild-type 
counterpartt (reviewed in Wells, 1991). Obviously, site-directed mutagenesis requires 
thoroughh prior knowledge of the structure and function of the protein of interest, 
extensivee alanine scanning mutation analysis is labor intensive, whereas random 
mutagenesiss demands screening of many individual clones. Consequently, to perform 
detailedd protein-protein interaction studies in the absence of suitable co-crystals, a 
comprehensivee procedure would be useful that requires analysis of only a limited 
numberr of clones and lacks the need for a 3 dimensional (3D) structure of the protein 
off interest. 

Too meet this objective, the mutant library should: i) consist of mutants, with 
multiplee amino acid substitutions at the surface of the protein, likely to be hampered in 
aa particular protein-protein interaction, but otherwise fully active, ii) be devoid of 
mutantss with amino acid alterations that distort proper folding of the protein and iii) 
lackk introduced translation termination codons that result in truncated proteins. The 
basiss to create such a library would be the powerful method of DNA shuffling, that has 
beenn designed for molecular evolution of proteins in vitro (Stemmer, \994a,b). DNA 
shufflingg is an iterative procedure to introduce and recombine mutations by 
homologouss recombination, under error-prone PCR conditions. The major advantage 
off DNA shuffling vs. random mutagenesis is the possibility to remove deleterious 
mutationss in a consecutive round, while mutations are only additive in a next round of 
randomm mutagenesis. So far, spectacular results have been reported using DNA 
shuffling,, e.g. in altering substrate specificity (Zhang et ah, 1997) or in enhancing 
enzymaticc activity (Crameri et ah, 1997) although only a minor fraction of the 
diversityy generated by DNA shuffling was assessed. Display of a repertoire of variant 
proteinss on phages enables the simultaneous analysis of > 109 proteins in a single 
assayy (reviewed in Rodi & Makowski, 1999). Therefore, to fully exploit the diversity 
createdd by DNA shuffling, we combined it with phage display to select functional 
proteins.. Thus, we developed a stepwise procedure that yielded consecutive libraries 
off highly mutated but functionally active proteins, of which individual clones could be 
screenedd by negative selection to provide valuable information on amino acid residues 
involvedd in a certain protein-protein interaction. We designated this method "Shuffled 
Proteinss On Phages" (SPOP). 
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Too validate SPOP human plasminogen activator inhibitor 1 (PAI-1) was chosen, 
becausee its 3D structure is known (Mottonen et aL, 1992; Sharp et at, 1999), many 
PAI-1-specificc experimental tools are available and it may serve as a model protein for 
serinee proteinase inhibitor (serpin) structure-function studies. The serpin PAI-1 is the 
majorr physiological regulatory protein of the fibrinolytic system (reviewed in van 
Meijerr & Pannekoek, 1995) and is also involved in cell adhesion and migration 
(reviewedd in Loskutoff et aL, 1999). PAI-1 regulates the activity of its target serine 
proteinasess tissue-type (t-PA) and urokinase-type plasminogen activator (u-PA) by 
rapidlyy forming irreversible equimolar complexes, in a reaction typified by a suicide 
substratee mechanism (Wilczynska et al., 1995; Lawrence et aL, 1995; van Meijer et al. 
1997).. To this end, the exposed reactive-center loop of PAI-1 serves as a pseudo-
substratee for the cognate serine proteinase. The subsequent cleavage and entrapment of 
thee proteinase induces a large conformational change, leading to insertion of the 
reactive-centerr loop into the central (3-sheet A of PAI-1 (reviewed in Gils & Declerck 
1998).. Insertion of the reactive-center loop also occurs spontaneously in the absence of 
aa serine proteinase and yields the, inactive, latent conformation (Mottonen et aL 1992). 
Too probe the various conformations and functions of PAI-1, we have employed a set 
off well-characterized anti-human PAI-1 monoclonal antibodies (MoAbs). These 
MoAbss act either by preventing the interaction between PAI-1 and t-PA (Björquist et 
aL,aL, 1999), or by converting PAI-1 into a substrate (Debrock & Declerck, 1998), or by 
inducingg a latent conformation of the inhibitor (Verhamme et aL, 1999). In addition, 
anti-PAI-11 MoAbs are available that bind to PAI-1, but do not affect either one of the 
functionss mentioned above (Keijer et aL, 1991). Hence, precise mapping of the 
interactionn sites of these different MoAbs may provide detailed insight into the 
mechanismm of action of PAI-1. 

Inn this paper, we report the design, implementation and validation of the SPOP 
procedure,, to assign amino acid residues of PAI-1 that are essential for the interaction 
withh other proteins. For that purpose, a high density of mutations was created within 
thee PAI-1 protein by five consecutive rounds of DNA shuffling, each followed by 
phagee display of the mutant proteins and selection for functional PAI-1. Due to the 
selectionn pressure for functional PAI-1 proteins, mutations were preferentially located 
onn the exposed surface of the protein. By analyzing only a limited number of randomly 
pickedd clones from a library of PAI-1 mutants, a direct assignment could be 
unambiguouslyy made of single amino acid residues which are essential for the 
interactionn with three out of four classes of anti-PAI-1 MoAbs. 

Results s 

Characteristicss of phage-displayed PAI-1 mutant librarie s 

Wee devised a procedure to create a PAI-1 library with a high density of mutations to 
performm detailed protein-protein interaction studies. The procedure, schematically 
depictedd in Figure 1, is based on the sequential use of error-prone DNA shuffling, 
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selectionn for t-PA binders 

Figuree 1. Schematic 
representationn of consecutive steps 
inn SPOP. Full-length PAI-1 cDNA 
iss mutagenized by a round of 
DNAA shuffling, yielding PAI-1*. 
Thesee mutants are inserted into the 
phagemidd vector pComb3 and 
transformedd into E. coli, resulting 
onn a library PAI-1 *-pComb3. This 
PAI-1-mutantt library is expressed 
onn phage (<|)-PAI-l*-pComb3) and 
twoo rounds of stringent selection 
forr t-PA binding is performed (t-
PA-<t>-PAI-l*-pComb3).. This complete procedure is repeated an additional four times to 
obtainn the desired mutation frequency. 

phagee display of mutant libraries, and functional selection. Preferentially, amino acid 
alterationss should be selected at the surface of the target protein. The characteristics of 
thee successive phage-displayed mutant PAI-1 libraries, and the procedure to select 
phagess that properly express PAI-1 was assessed by analyzing the proteins before and 
afterr two rounds of t-PA binding. An antigen assay on filters was applied to determine 
thee percentage of fully translated proteins, using an anti-PAI-1 MoAb (MAI-12) that 
bindss to an epitope in the reactive center which is located close to the carboxyl 
terminuss of the protein (Keijer et al., 1991) (Table 1). 

Tablee 1. Characterization of five consecutive generations of mutant PAI-1 
librariess before and after 2 rounds of t-PA selection 

Consecutivee generations 
off PAI-1 mutant libraries 

1 1 
2 2 
3 3 
4 4 
5 5 

Libraryy size (cfu) 

1.0x10' ' 
5.00 x 106 

3.00 xlO6 

4.00 xlO7 

1.00 xlO7 

MAI-122 reactive 
coloniess in library 

25% % 
50% % 
30% % 
20% % 
5% % 

MAI-122 reactive 
coloniess after two 

roundss of t-PA panning 
98% % 
98% % 
95% % 
95% % 
70% % 

Legend:: Five consecutive generations of PAI-1 mutants were made by DNA shuffling of 
PAI-11 cDNA that had been subjected to two rounds of phage display selection for t-PA 
binding.. Indicated are colony forming units (cfu) after transformation of shuffled 
pComb3/PAI-ll cDNA ligation mixture to Escherichia coli XL-1 blue cells. Before and 
afterr phage display selection for t-PA-binding PAI-1 mutants, the percentage of PAI-1 
expressingg clones was assayed by colony lifting, combined with Western blotting, as 
describedd in Materials and Methods. The percentages refer to the number of colonies that 
bindd to anti-PAI-1 MoAb MAI-12 compared to the total number of colonies. 
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TwoTwo rounds of stringent selection for PAI-1 mutants, that are fully able to bind t-PA, 
increasess the percentage of properly translated PAI-1 clones for each cycle of DNA 
shufflingg from 20-50% to 95-98%, respectively. The fifth cycle of DNA shuffling 
resultss in a library of which only 5% of the colonies react with anti-PAI-1 MoAb 
MAI-12,, whereas two selection rounds for t-PA binding yields a library that consists 
off about 70% MAI-12-reactive colonies. Insertion of the corresponding full-length 
PAI-11 cDNAs into the expression vector pMBLll-N allowed the subsequent synthesis 
andd purification of 27 randomly selected clones. Each of these PAI-1 preparations 
similarlyy inhibited the chromogenic activity of t-PA and formed SDS-stable t-PA/PAI-
11 complexes, as determined by SDS-PAGE (representative example in Figure 2). 
Consequently,, it is deduced that phage display selection is a powerful tool to select 
activee PAI-1 mutants in a library of shuffled PAI-1 proteins. 

455 50 54 55 wt 45 50 54 55 wt 
t-PAA  + + + + + 

Figuree 2. Complex formation of representative mutant and wild-type PAI-1 preparations 
withh t-PA. Purified mutant or wild-type PAI-1 preparations (1 ug) were analyzed prior 
too and after incubation with t-PA (2 ug) by non-reducing 10% SDS-PAGE, followed by 
Coomassiee Brilliant Blue staining, as described in Materials and Methods. Numbers 
indicatee randomly picked mutant PAI-1 preparations, wt = wild-type. 

Distributio nn of mutations in the mutant PAI-1 librar y 

DNAA sequence analysis revealed that the mutation rate of every round of DNA 
shufflingg was 0.3-0.4%. Therefore, five rounds of DNA shuffling should result in a 
finalfinal library with 1.5-2.0% nucleotide mutations, corresponding to an accumulation of 
approximatelyy 10 amino acid substitutions per PAI-1 protein. This expectation was 
bornn out by sequencing full-length PAI-1 cDNA (1,137 bp), isolated from 27 
independentt clones. It was found that the mutant PAI-1 proteins contain an average of 
9.11 amino acid substitutions that are encountered at 114 different positions in PAI-1 
(Figuree 3A). However, certain mutations at specific amino acid residues, and the 
relativee high frequency at which they appear, are indicative for the presence of two 
differentt populations of mutations (Figure 3B). The first one is composed of mutations 
thatt occur 1-3 times and fits within a regular Poisson distribution. The second 
populationn of mutations occurs with higher frequency (>3 times) and obviously does 
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Figuree 3. Distribution of 
mutationss found in 27, 
randomlyy picked, mutant 
PAI-11 clones after five 
roundss of DNA shuffling 
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aminoo acid position in PAI-
11 (379) the presence of a 
mutationn in one or more of 
thee 27 mutant PAI-1 clones 
iss indicated. DNA sequence 
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describedd in Materials and 
Methods,, and compared to 
wild-typee PAI-1. Within this 
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nott fit Poisson distribution, which suggests a selective advantage for mutations at these 
positions.. It was anticipated that the selection during panning was not only directed 
towardss PAI-1 mutants that have unaltered capacity to bind to t-PA, but 
simultaneouslyy towards PAI-1 variants that display increased stability at the elevated 
temperatures,, used during overnight production of phages. This explanation is 
supportedd by a determination of the half-life of 12 random PAI-1 mutants. This 
analysiss revealed that the half-life of these PAI-1 preparations at 37 °C is 2 to 4 fold 
longerr than that of wild-type PAI-1 (Figure 4). We conclude that the population of 
mostt frequently observed mutations, that do not obey Poisson distribution, most likely 
contributess to stabilizing the active conformation. 

Too verify the assumption that mutations were preferentially selected at exposed 
residues,, we calculated the solvent accessibility of each amino acid residue to a probe 
withh a 1.4 A radius (as described in Materials and Methods), using the coordinates of 
thee 3D structure of active PAI-1 (Sharp et al., 1999). The values for accessible surface 
areaa (ASA) were expressed as percentage of maximal ASA for each residue when 
positionedd in an extended dipeptide. Based on their ASA, PAI-1 residues were then 
dividedd into three groups of comparable sizes: "buried" residues (0-5% ASA), 
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Figuree 4. Determination of half life of 
PAI-11 activity for a representative set 
off mutant PAI-1 preparations. Purified 
mutantt and wild-type PAI-1 
preparationss were incubated at 37°C for 
upp to 25 h. Aliquots were taken at the 
indicatedd times, and incubated with a 
fixedfixed amount of t-PA. Residual t-PA 
activityy was determined in a 
chromogenicc assay, as described in 
Materialss and Methods. Symbols: • = 
wild-typee (t1/2 = 2.5 h); T= clone 16 
(t1/22 = 5.7 h); • = clone 61 (t1/2 = 7.5 h); • = clone 24 (t1/2 = 7.5 h); 
h). . 

55 10 15 20 

Incubatio nn tim e (in h) 

:: clone 7 (ti, 10 0 

moderatelyy accessible residues (5-35% ASA) and highly accessible residues (>35% 
ASA)) (Miller et al., 1987). About 3-fold more positions were mutated in the group of 
highlyy accessible residues (45%) than in the group of buried residues (17%), while one 
thirdd (33%) of the moderately accessible residues were mutated. Comparison of the 
numberr of non-buried residues (235) with the number of calculated mutable residues 
(247)) (outlined in Materials and Methods) revealed similar numbers, although the 
correspondingg residues are only partially overlapping. In conclusion, the results 
emphasizee that our library preferentially contains mutations at exposed residues and, 
therefore,, at potential protein-protein interaction sites. 

Applicationn of mutant PAI-1 librar y to study protein-protein interaction 
AA comprehensive analysis of MoAbs against human growth hormone demonstrated 
thatt the number of dominant amino acid residues involved in antigen-antibody binding 
amountss to about three non-linear residues (Jin et al., 1992). We assumed that the 
samee number is also valid for the interaction of PAI-1 with specific anti-PAI-1 MoAbs 
andd calculated that the probability (A) for our group of 27 mutants to harbor a 
mutationn in a dominant amino acid residue involved in antibody recognition would be 
78%% (outlined in Materials and Methods). 

Too experimentally validate the utility of the constructed mutant PAI-1 library, we 
investigatedd binding to four different classes of anti-PAI-1 MoAbs. The following 
MoAbss were selected (Keijer et al., 1991): 1) 1-201, a MoAb which binds to PAI-1, 
butt does not affect the interaction with t-PA, 2) CLB-2C8, a MoAb which induces the 
substratesubstrate behavior of PAI-1 (Björquist et al., 1999), 3) M-5, a MoAb which converts 
activee PAI-1 into an inactive (latent) conformation (A.A. Stoop and H. Pannekoek, 
unpublishedd data) and 4) MAI-12, a MoAb which directly blocks the interaction 
betweenn PAI-1 and t-PA (Debrock & Declerck, 1997). The binding of each mutant 
PAI-11 preparation to the indicated MoAbs was determined by surface plasmon 
resonancee (SPR). Therefore, the MoAbs were immobilized in separate channels on a 
sensor-chipp surface of a BIAcore 2000 instrument. Subsequently, the mutant PAI-1 
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Figuree 5. SPR analysis of binding of three mutant and wild-type PAI-1 preparations to 
threee anti-PAI-1 MoAbs. The anti-PAI-1 MoAbs 1-201 (black), CLB-2C8 (gray) and M-
55 (dashed) were immobilized to a sensor chip of a BIAcore™ 2000 instrument, as 
describedd in Materials and Methods. The baseline signal is obtained when buffer passes 
thee chip surface. Upon presentation of purified mutant PAI-1 preparations 7, 29, 50 and 
wild-typee (wt) to these antibodies an increase in the response units (RU) demonstrates 
bindingg of the protein to the MoAb. After association and dissociation (120 s) of the 
PAI-11 preparation and prior to presentation of the next sample, the chip surface was 
regeneratedd to baseline level by injection of 100 mM H3P04. Wild-type PAI-1 is 
includedd as a positive control for binding to the anti-PAI-1 MoAbs. 

preparationss were presented simultaneously to the different MoAbs and binding was 
quantifiedd by a rise in the (arbitrary) response units (RU). After the injection period, 
thee PAI-1 preparations are replaced by buffer and dissociation of the protein from the 
MoAbb is visualized. Finally, before the injection of the subsequent preparation, the 
surfacee is regenerated and the RU signal returns to baseline levels. The analysis by 
SPRR of a representative set of mutant PAI-1 preparations is shown in Figure 5 and 
demonstratess that affinity for a single MoAb could be reduced, while interaction with 
otherr MoAbs is unaffected. From these experiments a number of conclusions can be 
drawn.. First, among the collection of 27 mutant PAI-1 preparations none displays a 
substantiallyy altered binding to MoAb MAI-12. It is conceivable that this property is 
duee to a similar structural requirement for t-PA binding and MoAb MAI-12 binding. 
Second,, we found different mutant PAI-1 proteins that display a strongly reduced 
affinityy for at least one of the three remaining anti-PAI-1 MoAbs tested. Collectively, 
wee found that, among the 27 mutant PAI-1 preparations, 10 preparations have a 
substantiallyy reduced affinity for either one of the four anti-PAI-1 MoAbs: five 
proteinss with lower affinity for 1-201 (i.e. clones 7, 12, 40, 72 and B-13), five with 
reducedd binding to CLB-2C8 (i.e. 12, 16, 22, 29 and B-5) and three with reduced 
affinityy for M-5 (i.e. 12, 50 and B-5). We conclude that our first objective, namely to 
identifyy clones defective for a particular interaction of PAI-1 with another protein by 
analyzingg a limited number of random clones, has been reached. 
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Alignin gg of mutations for  direct assignment of dominant PAI-1 amino 
acidd residues for  the interaction with various anti-PAI- 1 monoclonal 
antibodies s 

Ourr second objective is to localize exactly the dominant amino acid residues in PAI-1 
thatt are responsible for the interaction with another protein, e.g. a monoclonal 
antibody.. Therefore, the amino acid sequences of the 10 different PAI-1 cDNAs, that 
codee for mutant PAI-1 proteins hampered in the interaction with either one of the anti-
PAI-11 MoAbs 1-201, CLB-2C8 and M-5, were aligned (Figure 6). Each mutant PAI-1 
cDNAA contained multiple nucleotide mutations (11-21), leading to between 8 and 12 
aminoo acid substitutions. The alignment shows that specific PAI-1 mutants, which 
havee in common a reduced affinity for a particular anti-PAI-1 MoAb, also share a 
specificc mutation that is not present in clones with unaffected binding. All five PAI-1 
mutantss hampered in binding to 1-201 harbor an amino acid substitution of glutamine 
att position 56 (Q56), which is not found in any of the 1-201 binding mutants. 
Similarly,, all three mutants with lower affinity for M-5 have a common alteration at 
D181.. Slightly more complex is the situation for CLB-2C8, five clones were found to 
havee a substantially decreased affinity for CLB-2C8. Three out of these five share a 
mutationn at position K154 (statistically this chance is ~ 6%), while the remaining two 
cloness have mutations in other dominant residues. Based on these results, it is likely 
thatt K154 is a dominant residue. However, no conclusions can be drawn on the other 
dominantt residues, even though the two remaining clones do contain a cluster of 
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Figuree 6. Mapping of antibody binding sites by consensus analysis. DNA sequences of 
tenn mutant PAI-1 cDNAs that encode proteins which share reduced affinity for the same 
anti-PAI-11 MoAb were aligned. Search for consensus amino acid substitutions 
(indicatedd with x) in mutants with impaired binding revealed positions that are solely 
alteredd in these variants (depicted with boxes). Of special interest is clone 12, which has 
reducedd affinity for all three tested antibodies. None of these mutations were found in 
anyy of the clones with unaffected anti-PAI-1 MoAb binding. 
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mutationss in the direct vicinity of K154. Of special interest is mutant clone 12, which 
containss all three indicated mutations and, consequently, does not bind any of the three 
MoAbs.. Taken together, these observations suggest that positions Q56, K154 and 
D1811 represent dominant residues for the interaction with MoAbs 1-201, CLB-2C8 
andd M-5, respectively. To verify these deductions, we constructed, expressed and 
purifiedd the corresponding mutants, containing single mutations (denoted PAI-1 
Q56R,, PAI-1 K154D and PAI-1 D181A). These mutants were assayed by SPR to 
measuree binding to immobilized anti-PAI-1 MoAbs 1-201, CLB-2C8 and M-5, 
respectivelyy (Figure 7). Indeed, each single mutant displayed reduced binding to the 
expectedd MoAb, thus unambiguously confirming that the substituted amino acid 
constitutess a dominant residue for the interaction with the respective MoAb. By using 
thee coordinates of the 3D structure of active PAI-1 (Sharp et al., 1999), it is clear that 
Q56,, K154 and D181 are located in different areas of the protein (Figure 8A). This 
observationn is in agreement with SPR data, demonstrating that all three MoAbs can 
simultaneouslyy bind PAI-1 (Figure 8B). Finally, the data confirm that an alignment of 
alteredd amino acids of PAI-1 variants, that share the property of defective interaction 
withh another protein, allows direct identification of dominant residues. 
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Figuree 7. SPR analysis of binding of single point mutant and wild-type PAI-1 protein 
preparationss to three anti-PAI-1 MoAbs. The anti-PAI-1 MoAbs 1-201 (black), CLB-
2C88 (gray) and M-5 (dashed) were immobilized to a sensor chip of a BIAcore™ 2000 
instrument,, as described in Materials and Methods. Binding to the single PAI-1 mutants 
Q56R,, K154D and D181A is determined by an increase in response units (RU) upon 
presentationn of the mutant. Regeneration of the signal to baseline level is performed by 
injectionn of 100 mM H3PO4. Wild-type PAI-l is included as a positive control for 
bindingg to the anti-PAI-1 MoAbs. 
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Discussion n 

Inn this paper, we describe the design and experimental validation of a method, SPOP, 
whichh is intended to delineate the amino acid residues involved in specific protein-
proteinn interactions. The method combines error-prone DNA shuffling, phage display 
andd selection for functionality of mutant proteins. The iterative character of this 
combinationn makes it possible to stepwise increase the mutation level in the target 
protein,, in order to create mutant libraries that harbor the desired high density of 
alteredd amino acids. In addition, the number of clones tested from this library can be 
increased.. Hence, the method can be extended along these lines to obtain an even 
largerr and systematic set of mutations. Nevertheless, two major requirements have to 
bee met for SPOP: a) the target protein must be functionally displayed on phage. 
Althoughh not all proteins can be displayed on phage, there are multiple successful 
reportss that describe the display of a wide variety of proteins on phage (e.g. enzymes, 
SH-33 domains and antibodies) (Kay & Hoess, 1996). b) A stringent selection for 
properr protein function of the target protein must be available. Once these 
requirementss are met then the generation of a high density of mutations in the target 
proteinn should be feasible. The application of phage display to determine the binding 
epitopess for antibodies has been described, previously (Jespers et al., 1997). However, 
inn that study only a single round of mutagenesis was applied, in combination with a 
negativee selection. In contrast, our ultimate objective was to develop a high density of 
mutationss in PAI-1. Thus, comparison of only a limited number of clones would be 
necessaryy to assign amino acid residues that are crucial for the interaction with a PAI-
1-bindingg protein {e.g. an anti-PAI-1 MoAb). This aim was born out since the analysis 
off PAI-1 protein preparations, purified from 27 randomly picked colonies, 
demonstratedd that 10 out of 27 preparations were severely hampered in the interaction 
withh three different anti-PAI-1 MoAbs. A straightforward alignment of the mutated 
positionss of variants, which do not bind to one of these MoAbs, sufficed for the 
unambiguouss assignment of single, dominant amino acid residues. 

Selectionn of highly mutated PAI-1 variants that still interact with t-PA is thus 
feasiblee and therefore we assume that the mutations do not disturb the overall folding 
off the protein. We anticipated that mutations would preferentially be located at the 
surfacee of the protein, which could be verified with the available 3D structure of the 
proteinn (Sharp et al, 1999). Actually, by a limited analysis of only 27 mutant PAI-1 
cDNAs,, we detected substitutions at 114 amino acid residues, predominantly located 
onn the surface of the protein. Most striking are mutations at 45% of all highly 
accessiblee residues. However, no mutations were found at highly accessible positions 
knownn to be vital for the interaction between t-PA and PAI-1, notably, in the reactive 
centerr loop at PI (Arg-347), P4' (Glu-350) and P5' (Glu-351) (Huber & Carrell, 1989; 
Madisonn et al, 1990; van Meijer et al, 1996), in the gate region 240 - 246 (Tucker et 
al,al, 1995), and at Glu-283 in P-strand 6A (Sharp et al, 1999). These findings stress the 
necessityy of these areas for PAI-1 - t-PA interaction and prompt further research into 
thee importance of especially the gate region for PAI-1 function. Overall, SPOP 
effectivelyy introduces mutations at tolerable and accessible positions in PAI-1, while 
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Figuree 8. Localization of dominant 
aminoo acid residues on PAI-1 for 
interactionn with the anti-PAI-1 MoAbs I-
201,, CLB-2C8 and M-5. (A) A ribbon 
diagramm is shown of the structure of 
activee PAI-1 (Sharp et at., 1999) in 
whichh the dominant residues for 1-201 
(Q56),, CLB-2C8 (K154) and M-5 
(D181)) are indicated by the arrows. (B) 
SPRR analysis demonstrating that the 
MoAbss 1-201, CLB-2C8 and M-5 can 
simultaneouslyy bind PAI-1. The anti-

PAI-11 MoAb 1-201 was immobilized to the sensor chip surface, subsequently wild-type 
PAI-11 was presented and bound as shown by a rise in response units (RU). That the 
bindingg sites for the three MoAbs do not overlap is demonstrated by the rise in RU seen 
uponn presentation of both CLB-2C8 and M-5. 

conservingg essential amino acid residues for the reaction with t-PA as well as residues 
indispensablee for structural integrity. 

Thee distribution of the mutations in the mutant PAI-1 library into two populations 
stressess the effect of performing consecutive rounds of DNA shuffling in which 
multiplee parents are used (Moore et al., 1997). For a given position in PAI-1, each 
roundd of shuffling combines a mutant sequence with wild-type sequence at that 
position.. Since the wild-type sequence is by far more abundant than an a-specific 
mutation,, the recombination event will preferentially lead to restoration of the wild-
typee sequence, and in that sense be considered a back-cross event. However except for 
newlyy introduced mutations, the overall mutation rate should stay the same during the 
DNAA shuffling process. Therefore, mutations present in the parent cDNAs at a higher 
frequencyy will have more chance of being incorporated into the offspring and will, 
eventually,, accelerate the evolution of the protein toward the selection criteria. In the 
casee of PAI-1, at least three explanations can be advanced for the preferential 
occurrencee of a mutation in parental cDNA. First, the mutation may favor any of the 
intermediatee steps that lead to a higher production of phages. Second, the mutation 
mayy increase the stability of the active conformation of PAI-1. Finally, the mutations 
mayy enhance the interaction with t-PA. However, the second-order rate constant of 
inhibitionn for t-PA by PAI-1 is virtually diffusion limited (2.0 x 107 M's"1) and 
therefore,, further enhancement of this interaction is not feasible. Our preliminary 
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analysiss on the half life of mutant PAI-1 preparations indicates that mutations occur 
whichh increase the stability of the protein. Thus, mutations found at a higher frequency 
thann expected on the basis of a Poisson distribution are at least partially involved in 
increasingg PAI-1 stability and have for that reason been enriched during consecutive 
roundss of DNA shuffling and selection. 

Thee explicit data reported here are that the PAI-1 residues Q56, K154 and D181 
constitutee dominant residues for the epitopes that bind to the anti-PAI-1 MoAbs 1-201, 
CLB-2C88 and M-5, respectively. The significance of these data for the structure and 
functionn of PAI-1 can be deduced using the 3D structure (Sharp et al, 1999) (Figure 
8A).. The implications for the inhibition of t-PA by PAI-1 can be summarized as 
follows. . 

First,, no mutant PAI-1 preparation was found that displayed substantially altered 
bindingg to MoAb MAI-12. However, the epitope for MAI-12 was reported to cover the 
reactivee center of PAI-1 that is obviously required for stable interaction with t- PA 
(Keijerr et al, 1991). Thus, it is likely that selection for mutant PAI-ls with unaffected 
t-PAA binding, at least partially, coincides with preserving binding to MoAb MAI-12. 
Thiss observation may indicate that the same amino acid residue(s), which is (are) 
involvedd in t-PA inhibition, also constitutes a dominant part of the epitope for MAI-
12. . 

Second,, residue Q56, which is essential for binding to MoAb 1-201, is located on 
helixx C. MoAb 1-201 can bind all forms of PAI-1 (unreacted, complexed, cleaved and 
latent)) and does not affect the PAI-1 - t-PA interaction. These findings imply that none 
off the intermediate reactions between PAI-1 and t-PA, namely docking of the 
proteinasee on the inhibitor, subsequent translocation to the central 6-sheet A and final 
entrapmentt of the proteinase, actually occurs at or near Q56. This conclusion is in 
agreementt with results reported by other investigators who used fluorescence 
resonancee energy transfer to study the interaction between trypsin and ai-proteinase 
inhibitorr (Stratikos & Gettins, 1999). In those studies it was observed that residue T85 
off the inhibitor, located at an equivalent position as residue Q56 of PAI-1 (Huber & 
Carrell,, 1989), is remote from the trypsin moiety during and after covalent complex 
formation. . 

Third,, in this report we established that residue K154, present in the large loop that 
connectss helix F and P-strand 3A, is an essential part of the epitope for anti-PAI-1 
MoAbb CLB-2C8. Actually, this observation contrasts our previous conclusion (Van 
Zonneveldd et al., 1995). Initially, it had been deduced that the epitope is localized 
betweenn residues 110 and 145, using immuno-precipitation of in vitro translated 
deletionn mutants of PAI-1 (Keijer et al., 1991). It should be mentioned that, by virtue 
off the design of those experiments, a straightforward immuno-precipitation of a 
peptidee solely composed of residues 110 to 145 with MoAb CLB-2C8, was not 
feasiblee (Keijer et al, 1991). In a subsequent study, using phage-displayed fragments 
off PAI-1, the epitope was localized between residues 128 and 166 (van Zonneveld et 
al.,al., 1995). Taking these two studies together, it was deduced that the epitope would be 
localizedd between amino acids 128 and 145. However, in view of the present data, we 
believee that the deduction is not justified and that the epitope for MoAb is located 
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betweenn residues 128 and 166, encompassing the dominant residue K154 detected in 
thee present study. In addition, in mis study two mutants (numbered 16 and B-5) 
displayy a reduced affinity for MoAb CLB-2C8, but lack the K.154 mutation (Figure 6). 
However,, these PAI-1 variants did contain other unique, altered amino acids, located 
betweenn 128 and 166. As mentioned before, the anti-PAI-1 MoAb CLB-2C8 converts 
PAI-1PAI-1 to a substrate for t-PA. Furthermore, this MoAb binds equally well to active, 
latentt and cleaved PAI-1 as well as to complexes of PAI-1 and t-PA (Björquist et ai, 
1997).. These properties can be explained by assuming that binding of CLB-2C8 to 
residuee K154 would prevent or delay insertion of the reactive center loop of the 
inhibitorr into the central 6-sheet A by steric hindrance. Accordingly, it is conceivable 
thatt binding of the antibody to K.154 would again be possible after covalent complex 
formation,, subsequent to full insertion of the reactive center loop into the central 6-
sheett A. This explanation would oppose a model for the interaction between the 
inhibitorr and the proteinase in which partial insertion of the reactive-center loop 
occurss (Wilczynska et al., 1997) and support a model of full loop insertion leading to 
positioningg of the proteinase at the far end of the serpin, opposed to the docking site 
(Wright(Wright & Scarsdale, 1995; Stratikos & Gettins, 1999). 

Finally,, a dominant epitope for the anti-PAI-1 MoAb M-5 was mapped to D181, 
locatedd at the top of the protein in a loop connecting P-strand 3A with P-strand 4C, 
whichh is located directly below the reactive center loop. Curiously, residue D181 is 
moderatelyy accessible (25% ASA) in active PAI-1 and highly accessible (> 80% ASA) 
inn latent PAI-1 (Sharp et al, 1999; Mottonen et al, 1992). Therefore, it is conceivable 
thatt upon binding MoAb M-5 displaces and forces insertion of the reactive center loop 
intoo the central 6-sheet A, resulting in an inactive (latent) PAI-1 protein. 

InIn aggregate, we conclude that SPOP is a well-suited procedure to study protein-
proteinn interactions. To validate the method, the dominant binding sites for three 
MoAbss on PAI-1 were determined. However, the method is not restricted to antibodies 
and,, in the case of PAI-1, should also be applicable to map binding sites of 
physiologicall relevance, e.g. with Vn or the LDL-receptor related protein (LRP) (J.G. 
Neels,, A.A. Stoop & H. Pannekoek, manuscript in preparation). Furthermore, we had 
thee advantage of a 3D structure of PAI-1 to interpret the results. This was particularly 
valuablee to correlate the binding sites of the MoAbs with their corresponding effect on 
t-PAA - PAI-1 interaction. Nevertheless, for SPOP a 3D structure is not a prerequisite, 
sincee the assignment of dominant residues was based on consensus analysis of 
aligned-mutantt sequences. In conclusion, once the target protein can be functionally 
displayedd on phage and an adequate selection for functional mutants is available, 
SPOPP provides a means to create high-density mutagenesis. Subsequent screening for 
losss of function of individual clones and alignment of corresponding clones should 
reveall binding sites on the target protein for many different ligands. 
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Material ss and Methods 

Material s s 

Thee murine anti-human PAI-1 MoAbs 1-201 and M-5 were obtained from Monozyme 
(Charlottenlund,, Denmark) whereas MAI-12 was from Biopool (Ume4 Sweden). The 
murinee anti-PAI-1 MoAb CLB-2C8 and the murine anti-t-PA MoAb CLB-16 have 
beenn described previously (van Zonneveld et al., 1987; Keijer et al. 1991). Two-chain 
humann melanoma t-PA was purchased from Biopool and the chromogenic t-PA 
substrate,, CH3S02-D-HHT-Gly-Arg-para-nitroanilide (Pefachrome t-PA) was from 
Pentapharmm (Basel, Switzerland). The Escherichia coli strain XL-1 Blue [F'] and the 
VCSM133 helper phages were obtained from Stratagene (La Jolla, CA). The 
constructionn of the plasmid pMBLll-N has been described previously (van Meijer et 
al,al, 1996). Primers used were from Pharmacia Biotech (Roosendaal, the Netherlands). 
Alll DNA restriction and modifying enzymes, and bacterial growth media, were 
purchasedd from Gibco BRL (Paisley, U.K.) unless otherwise stated. Ampicillin, 
tetracyclin,, and kanamycin were from Sigma (St. Louis, MO). DNA sequencing was 
donee with the Thermo Sequenase kit (Amersham Pharmacia Biotech, Uppsala, 
Sweden)) and the ALF express automatic sequencer (Pharmacia Biotech). Analysis of 
DNAA sequences was performed with the GCG Wisconsin package 10.0 (Genetics 
Computerr Group, Madison WI). 

Calculations s 

Mathematicall calculations were performed to support the theoretical considerations. 
PAI-1PAI-1 consists of 379 amino acid residues: a defined number of residues can be 
mutatedd without loss of t-PA inhibitory activity. To calculate the percentage of 
mutablee residues, we used the DNA sequence data obtained from a collection of 27 
mutantt PAI-1 clones (described in this paper). This collection contains 244 mutations 
distributedd at 114 different positions (W) (Figure 2A). These mutations can be divided 
inn two types: (I) according to a Poisson distribution: 126 mutations in 97 positions 
wheree each position is substituted 1 to 3 times and (II) a non-Poisson distribution: 118 
mutationss in only 17 positions where each position is substituted more than 3 times. 
Thee total number of mutatable positions (E) in PAI-1 (379) can be expressed as: 

EE = E(I) + E(II) 

wheree E(I) and E(II) denote the number of mutatable positions for respectively type I 
andd type II positions. It is assumed that all positions (17) of type II (highly substituted) 
havee been identified in the collection of 27 clones. Consequently, the above expression 
forr E can be rewritten as E = E(I) + 17. 
Too estimate E(I), we express E(I) as a fraction (f) of total number positions in type I: 

E(I)) = f- (379-17) = f- 362. 
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Thee probability (P) that a mutable position of type I has been mutated in our collection 
is: : 

PP = 126/(27- f- 362). 

Thee numerator represents the total number of mutations in type I, the denominator is 
thee number of mutable positions of type I in the 27 clones. The expected number of 
mutationss E(I) to be found at any mutable position of type I is: 

XX = P- 27 = 126/(f- 362) 

Thee probability that, at a given type I position one or more mutations are found is: (1 -
thee probability of no mutations) = 1 - e"\ Therefore, the expected number of positions 
thatt have one or more mutations is: 

WW = (1 - e x ) • f • 362 = (1 -e'126/(f 362)) • f • 362 = 97. 

Numericc analysis gives f = 0.6350 and consequently E(I) = 0.6350 • 362 = 230. Based 
onn these calculations, we assume that PAI-1 contains E = E(I) + E(II) = 230 + 17 = 
2477 mutable positions. 

Thee probability (A) that the collection of 27 mutant PAI-1 clones contains one or more 
clonesclones that have a mutation in at least one dominant residue for antibody binding, can 
bee computed as follows. Since we select for well-folded molecules (selection for t-PA 
binding)) it is assumed that any implied dominant residue is a mutable residue. When 
consideringg any dominant residue for the binding with a given antibody, this residue 
cann be either of the above two types of mutatable positions. Hence, the probability that 
thiss dominant residue is a type I or a type II mutatable residue is respectively 230/247 
andd 17/247. The probability (a) mat this dominant residue is substituted in one or more 
clonesclones can be expressed as 

aa = (230/247)- eI26/230+(17/247)- 1 

wheree we have assumed, as before, that all positions of type II (high frequency of 
substitutions)) have one or more substitutions in the set of 27 clones. We can now 
estimatee A by the following formula 

A = l - a s s 

wheree S = number of dominant residues for antibody recognitions. Using S = 3 (Jin et 
aL,aL, 1992), it is found that A = 78%. 
Too calculate the accessible surface area (ASA) of every amino acid residue in PAI-1, 
thee coordinates of active PAI-1 were used (Sharp et aL, 1999). This active PAI-1 is a 
quadruplee mutant with a prolonged half life, containing amino acid substitutions at: 
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N150H,, K154T, Q319L and M354I (Berkenpas et al, 1995). Calculations were 
performedd using a probe with a 1.4A radius and the Brugel modeling program 
(Delhaisee et al., 1984). ASA was expressed as a percentage of maximal ASA, when an 
aminoo acid residue is placed in an extended dipeptide. 

Constructionn and screening of mutant PAI-1 librarie s 

DNAA shuffling of PAI-1 was performed essentially as described (Stemmer, 1994a; 
Zhaoo & Arnold, 1997). Typically, PCR-amplified PAI cDNA was randomly digested 
byy pancreatic DNase I in the presence of 1 mM MgCl2 (Promega, Madison, WI) and 
fragmentss of 40 to 80 basepairs (bp) were isolated from 10% (w/v) polyacrylamide 
gels.. Fragments were reassembled in a PCR reaction using Taq I polymerase in the 
absencee of primers (40 cycles: 94 °C, 30 s; 55 °C 30 s; 72 °C, 1 min + 5 s; per cycle), 
followedd by PCR-amplification with PAI-1 specific primers (forward: 5'- GTG CAG 
CTCC GAG CTG CAC CAT CCC CCA TCC TAC-3', reverse: 5'-GCC ACC ACT 
AGTT GGG TTC CAT CAC TTG GCC CAT-3') to obtain full-length PAI-1 cDNA. 
Afterr digestion with restriction enzymes Xhol and Spel (cleavage sites are contained 
withinn the PAI-1 specific primers), the "shuffled" PAI-1 cDNA was inserted into the 
phagemidd pComb3 (Barbas et al., 1991) and used to transform E.coli XL-1 Blue cells. 
Thee resulting library of PAI-1 mutants was expressed on the surface of phages, after 
infectionn with helper phages and overnight growth at 30 °C. Selection of non-
truncated,, properly folded active PAI-1 mutants, was performed as described (van 
Meijerr et al, 1996). Briefly, approximately 10n phages of the pComb3/PAI-l phage 
libraryy were incubated for 1 h at 37 °C with 0.3 nM t-PA in phosphate-buffered saline 
(PBS).. PAI-1-expressing phages that efficiently form complexes with t-PA were 
capturedd by binding to 3 ug of anti-t-PA MoAb CLB-16, coated to Nunc Maxisorb 
platess (Gibco BRL). Bound phages were extensively washed, eluted, amplified and 
subjectedd to a second round of selection for binding to t-PA. Next, phagemids were 
isolatedd and t-PA- binding mutant PAI-1 cDNAs were amplified, and subjected to a 
consecutivee round of DNA shuffling. The procedure of DNA shuffling and subsequent 
phage-displayy selection for t-PA binders was performed five times. DNA sequence 
analysiss of mutant clones revealed that DNA shuffling introduced an average mutation 
ratee of 0.3 to 0.4% per round. 

Librar yy screening for  PAI-1 expression 

Too determine the percentage of colonies, that express an intact PAI-1 protein, we 
performedd a Western blotting-like screening (Persson et ah, 1991). Briefly, E.coli XL-
11 Blue cells were infected with multiplicity of infection of 100 to 300 phages and 
spreadd on plates containing IPTG for optimal induction of protein synthesis. Colonies 
weree transferred to nitrocellulose filters, the cells were lysed by saturated chloroform 
vapor,, and treated with 1 U/ml pancreatic DNasel in 150 mM NaCl, 50 mM Tris (pH 
8.0),, 5 mM MgCl2, 3% (w/v) bovine serum albumin and 400 ng/ml lysozyme. The 
filterss were incubated with the anti-PAI-1 MoAb MAI-12, which binds to the 
carboxyl-terminuss of PAI-1 (Keijer et al., 1991). Subsequently, the immune 
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complexess were incubated with rabbit anti-mouse immunoglobulins, conjugated to 
alkalinee phosphatase and, color development was monitored after NBT/BCIP (Sigma) 
treatment.. After each incubation, the filters were extensively washed in PBS 
containingg 0.5% (v/v) Tween-20. 

PAI-11 protein purificatio n 

Too characterize individual mutant PAI-1 proteins, the corresponding full-length PAI-1 
cDNAA was inserted into the expression vector pMBLll-N and PAI-1 was purified as 
describedd (van Meijer et al., 1996). Briefly, single colonies were grown for 10 h at 37 ° 
CC in 2 YT medium, pelleted and suspended in 10 ml M9 medium, supplemented with 
0.22 % (w/v) casaminoacids, 0.2% (w/v) glucose, 2 mM MgS04, 0.1 mM CaCl2 and 50 
jig/mll ampicillin and, grown overnight at 30 °C. Cells were pelleted, suspended in 1 
mll 20 mM sodium acetate (pH 5.6), 200 mM NaCl, 0.01% (v/v) Tween-20, and lysed 
byy sonication. Cellular debris was removed by centrifugation and the supernatant was 
incubatedd for 1 h at 4 °C with CM-Sephadex C-50 beads. After extensive washing of 
thee beads with sodium acetate buffer, PAI-1 was eluted from the beads by incubation 
withh 20 mM sodium acetate (pH 5.6), 1 M NaCl and 0.01% (v/v) Tween-20. In this 
buffer,, PAI-1 can be stored for several weeks at 4 °C without loss of activity. The 
proteinn preparations consisted of >95% pure PAI-1 as judged by SDS-PAGE and 
Coomassiee Brilliant Blue staining. 

Analysiss of mutant PAI-1 proteins 

Thee t-PA-inhibitory activity of purified PAI-1 mutants was assessed by two methods. 
First,, serial dilutions of PAI-1 mutant preparations were incubated for 15 min at 37 °C 
withh 3.4 nM t-PA and the residual t-PA activity was determined. For that purpose, 
chromogenicc substrate Pefachrome t-PA (final concentration 0.5 mM) was added and 
thee absorbance at 405 nm was recorded continuously for 1 h at 37 °C, using a Titertek 
Twinreaderr (Flow Laboratories, Irvine, U.K.). Second, t-PA (2 ug) and PAI-1 mutant 
(11 ug) were incubated for 10 min at room temperature in 20 ul PBS and the formation 
off complexes of t-PA and PAI-1 was analyzed by 10% non-reducing SDS-PAGE, 
followedd by Coomassie Brillant Blue staining of the protein bands. To determine the 
half-lifee of the various protein preparations, 100 nM mutant PAI-1 protein in PBS was 
incubatedd for 25 h at 37 °C. At regular time intervals sub-samples were taken, and 
residuall PAI-1 activity was determined by the first method described. 

Surfacee plasmon resonance 

Thee binding of purified PAI-1 mutants to specific murine anti-human PAI-1 MoAbs 
wass determined by surface plasmon resonance (SPR), using a BIAcore™ 2000 
instrumentt (BIAcore AB, Uppsala, Sweden). Typically, anti-PAI-1 MoAbs were 
coupledd to a NHS/EDC -activated CM-5 sensor chip, using free amine groups, to yield 
approx.. 3000 resonance units (RU). Subsequently, mutant PAI-1 proteins (90 nM) in 
HBSS buffer (20 mM Hepes (pH 7.4), 150 mM NaCl, 3.4 mM EDTA and 0.005% (v/v) 
P20)) were injected for 90 $ at a flow rate of 20 ul/min and the interaction was 
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monitoredd in real time. Regeneration of the sensor chip surface was done with 5 |il 100 
mMM H3PO4. All measurements were performed at 25 °C. 

Sitee directed mutagenesis 

Overlapp extension PCR was used to construct three, single residue mutant PAI-1 
cDNAss (Higuchi et al, 1988). Therefore, the following "mutagenic" primers were 
usedd 5'-GAA ACC CAG CGG CAG ATT CAA GC-3', 5'-CTT GCT TGG GGA 
AGGG AGC CGT G-3' and 5'-ACC CTT CCC CGC CTC CAG CAC C-3', together 
withh their corresponding complementary oligonucleotides and the mutants were 
designatedd Q56R, K154D and D181A, respectively. These mutagenic primers were 
combinedd with primers that are located at 5' and 3' end of the open reading frame of 
PAI-1.. DNA sequence analysis confirmed the introduction of the intended mutations 
andd the absence of additional mutations. 
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Abstract t 

Plasminogenn activator inhibitor type 1 (PAI-1) is a member of the serine protease 
inhibitorr (serpin) superfamily. Its highly mobile reactive-center loop (RCL) is thought 
too account for both the rapid inhibition of tissue-type plasminogen activator (t-PA), 
andd the rapid and spontaneous transition of the unstable, active form of PAI-1 into a 
stable,, inactive (latent) conformation (t1/2 at 37°C: 2.2 hours). We determined the 
amino-acidd residues responsible for the inherent instability of PAI-1, to assess whether 
thesee properties are independent and, consequently, whether the structural basis for 
inhibitionn and latency transition is different. For that purpose, a hypermutated PAI-1 
libraryy that is displayed on phage (Stoop et al, 2000) was pre-incubated for increasing 
periodss (20 to 72 hours) at 37°C, prior to a stringent selection for rapid t-PA binding. 
Accordingly,, four rounds of phage-display selection resulted in the isolation of a stable 
PAI-11 variant (st-44: Xm = 450 hours) with 11 amino-acid mutations. The cumulative 
contributionss of nine out of eleven mutations in st-44 were determined by 
backcrossingbackcrossing this PAI-1 variant with wild-type (wt) PAI-1 cDNA, using DNA 
shuffling.. Furthermore, the stable mutant st-44 and additional stable mutants found in 
thee backcross are functionally indistinguishable from wild-type PAI-1 with respect to 
thee rate of inhibition of t-PA, cleavage by t-PA, and binding to vitronectin (Vn). The 
mutationss found in the stable PAI-1 variants constitute largely reversions to the stable 
"serpinn consensus sequence" and are located in areas implicated in PAI-1 stability 
{e.g.{e.g. the Vn-binding domain and the proximal hinge). Collectively, our data provide 
evidencee that the structural requirements for PAI-1 loop insertion during latency 
transitionn and target proteinase inhibition can be separated. 
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Introductio n n 

Plasminogenn activator inhibitor type 1 (PAI-1) is a member of the serine protease 
inhibitorr (serpin) superfamily and acts as the major inhibitor of fibrinolysis by 
inhibitingg tissue-type and urokinase-type plasminogen activators (t-PA and u-PA) 
(review:: van Meijer & Pannekoek, 1995). The physiological relevance of PAI-1 is 
underscoredd by the observation that a deficiency in humans results in hemorrhagic 
episodess (Fay et ah, 1992; 1997). In addition, PAI-1 has been implicated in cell 
adhesionn and migration, events relevant to tissue remodeling and metastasis (review: 
Loskutofff et al., 1999). These processes are mediated by binding of PAI-1 to the 
adhesivee glycoprotein vitronectin (Vn) (Deng et al., 1996; Stefansson & Lawrence, 
1996;; Waltz et al, 1997). PAI-1 is a single-domain glycoprotein of 379 amino acids 
organizedd in nine a-helices and three p-sheets. The molecular mechanism by which 
PAI-1,, and other serpins, inhibit their cognate serine proteinases has been 
characterizedd as a branched, suicide-substrate mechanism (Patston et al, 1990; Wright 
&& Scarsdale, 1995; Lawrence et al, 1995; van Meijer et al, 1997). The reactive-center 
loopp (RCL) of the serpin serves as a pseudo-substrate for the proteinase, followed by 
translocationn and entrapment of the proteinase in a covalent serpin:proteinase 
complex.. Depending on the mobility of the RCL, the presence of a co-factor {e.g. 
heparin),, and the proteinase used, the serpin can also be cleaved in a substrate-type 
reaction,, resulting in an inactivated inhibitor (Lawrence et al, 2000). 

PAI-11 is distinguished from other serpins by the facile insertion of its RCL. This 
propertyy contributes to the rapid second-order rate constant for inhibition of t-PA of 
2.00 x 107 M'V1, while on the other hand it is thought to account for the spontaneous 
transformationn of the unstable, active form of PAI-1 with a half-life (ti/2) of only 2.5 
hourss at 37 °C to a stable, inactive conformation (Declerck et al, 1988). The inactive 
conformationn can be reactivated by a cycle of denaturation and renaturation and, 
accordingly,, is generally denoted as "latent" PAI-1 (Hekman & Loskutoff, 1985). 
However,, at present it is not clear to what extent the conformational changes in the 
PAI-11 molecule that are involved in the transition of a free, active component into a 
complexx with its target proteinase mirror those occurring in the transition from the 
unstable,, active form into the stable, latent conformation. We hypothesized that 
stabilizingg the active form of PAI-1 by mutagenesis may provide insight into areas and 
mechanismss important for the latency transition and, simultaneously, for the inhibitory 
reaction.. Both rational design and random approaches have been applied to stabilize 
thee active conformation of PAI-1. Of note, rational designs have only succeeded to a 
limitedd extent (Lawrence et al, 1994a; Tucker et al, 1995), whereas an attempt based 
onn random mutagenesis and functional screening has proven quite successful: a 
combinationn of four mutations resulted in a 72-fold stabilization of PAI-1 (Berkenpas 
etet al, 1995). However, the functional capacity of this PAI-1 mutant was markedly 
affectedd since it displayed both a substantially increased substrate behavior and a 10-
foldd lower second-order rate constant for inhibition of t-PA as compared to wt PAI-1. 
Thesee effects were mainly caused by restrictions on the facility of RCL insertion as 
suggestedd by the crystal structure of the mutant (Sharp et al, 1999). Hence, in the 
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presentt study we aim to stabilize PAI-1, without affecting the rate-determining step of 
RCLL insertion related to proteinase inhibition. 

Thee potential of additive mutations to improve or alter protein function has been 
recognizedd previously (Wells, 1990, Sandberg & Terwilliger, 1993) and various 
successfull attempts have been reported (Pantoliano et al, 1989; Cunningham et al, 
1990;; Chen & Arnold, 1993). The introduction of multiple mutations may be 
instrumentall to changing a selected property, while conserving other properties of a 
proteinn due to the additive or compensatory effect of the combined mutations. Only 
recently,, however, has the introduction of multiple, random mutations with 
concomitantt preservation of protein activity become more feasible: this has resulted in 
thee construction of proteins with substantially altered properties (Giver et al, 1998; 
Ouee et al., 1999; Matsumura & Ellington, 1999). Frequently, the proteins generated 
wouldd not have been found by rational design and include subtle changes at locations 
distinctt from the reactive site (Moore et al., 1996; Spiller et al, 1999). These 
mutationss were nearly always introduced by iterative generations of random-
mutagenesis// recombination followed by screening or selection. In this context, DNA 
shufflingg and the staggered-extension procedure (StEP) have emerged as the two 
principall techniques used to introduce and recombine mutations (Stemmer, 1994; Zhao 
etet al, 1998). To select interesting mutants, phage display is one of the most robust 
meanss available, since more than 109 variants can be subjected to in vitro selection for 
improvedd (binding) properties in a single round (review: Rodi & Makowski, 1999). 
Wee recently described a combination of DNA shuffling and phage display that was 
designatedd "Shuffled Proteins On Phages" (SPOP) (Stoop et al, 2000). 

Here,, we applied the considerations mentioned above to create substantial 
changeschanges in PAI-1 stability without sacrificing other properties by using a hypermutated 
library.. Subsequently, the necessity of each of these mutations has been investigated to 
determinee if additivity forms the basis for the observed changes. To that end, a 
selectedd stable PAI-1 mutant was backcrossed with an excess of wt PAI-1 cDNA, 
followedd by phage-display selection for stability. Preferentially, mutants were selected 
containingg eight or more amino-acid substitutions per protein, underlining the 
cumulativee effect of the combined mutations. From the location of the stabilizing 
mutations,, conclusions can be drawn concerning structural requirements for transition 
off the active towards the latent conformation and the inhibition of t-PA, the target 
serinee proteinase. 

Results s 

Selectionn of stable PAI-1 from a hypermutated PAI-1 librar y 

Too obtain a stable PAI-1 variant that contains multiple amino-acid substitutions a 
hypermutatedd PAI-1 library was used of 1.0 x 107 independent colony-forming units 
(cfu)) (Stoop et al, 2000). This library has an average of 9.1 amino-acid substitutions 
perr clone and is displayed on phage. The PAI-1 displaying phages were subjected to 
fourr rounds of selection, during which pre-incubation time at 37°C was increased from 
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200 hours (first round) up to 72 hours (fourth round). Subsequently, phages were 
incubatedd with sub-nanomolar concentrations of t-PA and tPA:PAI-l complexes were 
capturedd with an anti-t-PA monoclonal antibody (CLB-16). Hence, only PAI-1 -
displayingg phages that rapidly form covalent PAI-1: t-PA complexes and are not 
subjectt to cleavage will be selected. After each round of panning, the number of eluted 
t-PA-bindingg phages was counted and compared to the number of eluted, non-
specificallyy bound phages (Table 1). As can be observed, after four rounds of 
increasingg selection conditions an enrichment of 60-fold is detected, indicating the 
preferentiall selection of clones with enhanced stability. 

Tablee 1. Elution profile of PAI-1 phages in four sequential rounds of phage-display 
selectionn for stability. The fifth generation of PAI-1 mutants was displayed on phages 
andd stable mutants were selected in four rounds, as described in Materials and Methods. 
Priorr to selection, mutants were pre-incubated at 37 °C for the time intervals indicated in 
Materialss and Methods. Background represents the number of phages eluted in the 
absencee of t-PA. The enrichment is the fold difference between the eluted number of 
backgroundd and specific PAI-1 phages. 

Pannings s 

Roundd 1 
Roundd 2 
Roundd 3 
Roundd 4 

Pre-incubationn time 
att 37 °C (h) 

20 0 
60 0 
60 0 
72 2 

Background d 
phages s 

5.00 xlO4 

0.88 x 104 

8.00 x 104 

2.00 x 105 

PAI-11 specific 
phages s 

3.99 x 104 

3.00 xlO4 

1.11 xlO6 

1.22 xlO7 

Enrichment t 

0.8 8 
3.8 8 
14 4 
60 0 

Characteristicss of stable PAI-1 mutants 

Afterr the fourth round of panning, the entire PAI-1 library was transferred from a 
phage-displayy vector to the protein-expression vector pMBL-11-N. Six PAI-1 mutants 
weree randomly picked and purified, so they are consequently devoid of any phage 
relatedd stabilization factors. All these mutants efficiently inhibited the chromogenic 
activityy of t-PA and their active conformation was clearly stabilized as determined by 
monitoringg PAI-1 activity over time (Figure 1). The calculated half-lives demonstrated 
thatt these mutants were significantly more stable than wt PAI-1 (Xm - 2.2 hours), and 
rangedd from 48 hours (st-25) to >350 hours (st-44) (Table 2). In addition, analysis of t-
PA:PAI-11 complex formation by SDS-PAGE revealed that the substrate behavior of 
eachh of these preparations was comparable to that of wt PAI-1 (data not shown). 
Furthermore,, no differences in binding to Vn were found for any of these mutants as 
determinedd by Surface Plasmon Resonance (SPR): each of these PAI-1 mutant 
preparationss has a dissociation equilibrium constant (KD) for binding to immobilized 
Vnn below 0.1 nM, which was the detection limit of this experiment. 

DNA-sequencee analysis revealed that all mutants were unique and contained on 
averagee 20 nucleotide mutations, which resulted in 11 to 15 amino-acid substitutions 
perr mutant protein (Table 2). Although each mutant is unique, it should be noted that 
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Figuree 1. Decay of PAI-1 
activityy for six stable PAI-1 
mutantss upon incubation at 
377 °C. The mutants analyzed 
weree randomly picked after 
fivee rounds of DNA 
shufflingg and four rounds of 
phagee display selection for 
stability.. The percentage of 
residuall PAI-1 activity, as 
determinedd by t-PA 
inhibitoryy activity, is plotted 
onn a log scale, as a function 
off the incubation time at 37 
°C.. Symbols: • = st 9; O = st 
25,, T = 44, V = st 46, D = st-x4, • = st-xli and • = wild-type PAl-l. bach point 
representss the average of at least three measurements. Half-lives were determined using 
Sigmaa Plot 4.01 and are summarized in Table 2. 

several,, defined amino-acid substitutions are shared between the different mutants. 
Specifically,, R30C (6x), T94A (5x), N150D (4x) and M354I (3x) were found most 
frequently,, each of which has been implicated before in stabilization of PAI-1 
(Lawrencee et al., 1994a, Kvassman et al., 1995; Berkenpas et al., 1995). Three of 
thesee frequently occurring mutations (R30C, T94A, N150D) were also present in the 

Tablee 2. Amino-acid substitutions in stable PAI-1 clones, randomly picked after five 
roundss of DNA shuffling and four rounds of phage display selection for increased 
stability.. The corresponding half-lives at 37 °C are given  SE. The calculations of half-
livess are based on results presented in Figure 1. 

St-25 St-25 
R30C C 
V42A A 
G70D D 
T94A A 
R115K K 
K.141E E 
T142A A 
N150D D 
K154E E 
S183G G 
N209S S 
G264A A 
V341A A 

St-46 St-46 
R30C C 
M45K K 
T50A A 
D67G G 
Y79H H 
T93A A 
R118G G 
E128D D 
A156D D 
T211A A 
T214A A 
M354I I 

St-x4 St-x4 
R30C C 
M71V V 
R76Q Q 
T94A A 
F114Y Y 
VI299 A 
N150D D 
K154E E 
R186P P 
H190Y Y 
R287K K 
S331G G 

StSt 9 
R30C C 
M45K K 
G51R R 
H77Y Y 
Y79H H 
T94A A 
R115K K 
R118G G 
K141E E 
G153E E 
L169F F 
L188P P 
F302S S 

St-xll St-xll 
R30C C 
T94A A 
VI299 A 
T142I I 
K145E E 
M147R R 
N150D D 
R186H H 
T232A A 
D285N N 
S308R R 
I342T T 
M354I I 

St-44 St-44 
R30C C 
T50A A 
Q56R R 
G70D D 
T94A A 
H112R R 
N150D D 
D222G G 
I223V V 
G264D D 
S331G G 

M354II S308G 
V341A A 

ti /2inhh 48 (  5) 60 ) 93 (  8) 98 ) 134 ) >350 

00 20 40 60 80 100 120 

Timee in hour s 
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majorityy of clones analyzed without any particular selection for stability, suggesting a 
selectivee advantage of these mutations during the development of the library (Stoop et 
ah,ah, 2000). Taken together, the analysis of these six mutants resulted in the 
accumulationn of 77 amino-acid substitutions distributed over 48 positions, all of which 
weree compatible with full inhibitory activity of PAI-1. 

Backcrossingg of a stable PAI-1 mutant 

Thee most stable PAI-1 mutant that we isolated, denoted st-44, was further 
characterizedd to determine whether each of its 11 mutations is required for stability 
andd to test the validity of the hypothesis that additive mutations form the basis for 
stability.. Theoretically, 2048 (211) different combinations of these 11 mutations are 
possible,, illustrating that analysis of individual mutants is not practically feasible. 
Therefore,, we "backcrossed" mutant st-44 with a two-fold molar excess of wt PAI-1 
cDNA,, using a high-fidelity DNA shuffling protocol (Zhao et ah, 1997). This 
proceduree aims at minimizing the number of newly introduced mutations, but 
unavoidablyy a low percentage (0.1%) of new mutations is introduced during 
backcrossing.. A PAI-l/st-44 library of 2.0 x 106 cfu was generated and expressed on 
phages.. Again, phage-display selection for t-PA-inhibiting PAI-1 mutants was 
performed,, using increasing periods (20 to 450 hours) of pre-incubation at 37°C, prior 
too selection for t-PA binding. After both the first and the fourth round of panning, PAI-
11 cDNAs were inserted into an expression vector to evaluate mutation distribution and 
too purify PAI-1 mutant proteins. DNA analysis of 15 clones, picked after the first 
round,, revealed that these cDNAs contained two to six mutations derived from st-44 

Mutation ss derive d fro m st-44 

Figuree 2. Analysis of 
thee presence of st-44 
derivedd mutations in a 
PAI-l/st-444 backcross 
libraryy after one and 
fourr rounds of 
selectionn for stability. 
Afterr one (gray bars) 
andd four (hatched 
bars)) rounds of 
selectionn for stability 
155 and 14 PAI-1 
cDNAA clones, 
respectively,, were 
sequencedd and 
analyzedd for st-44 

derivedd mutations. Using Sigma Plot 4.01 a Poisson distribution was fitted for both 
categories. . 
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Tablee 3. Correlation between mutations derived from mutant st-44 and the half-life of 
thee corresponding PAI-1 mutant. After one (A) and four (B) rounds of phage-display 
selectionn for stable PAI-1 clones in a PAI-1 /st-44 library, 10 PAI-1 mutants of each set 
weree analyzed. Half-lives were calculated by determining residual PAI-1 activity after 0, 
3,, 6, 12 and 24 hours (A) or 0, 24, 48, 96, 192 and 384 hours (B). Values were 
determinedd in three times and are given  SE. Additional mutations obtained during 
backcrossingg are indicated with a symbol. 

A A 

St-44 4 
1-10 0 
1-1 1 
1-14 4 
1-8 8 
1-2 2 
1-5 5 
1-12 2 
1-4 4 
1-7* * 
1-15 5 
Wt t 

R30C C 

+ + 
+ + 

+ + 

+ + 

T50A A 

+ + 

+ + 

Q56R R 

+ + 

+ + 

G70D D 

+ + 
+ + 

+ + 

+ + 
+ + 
+ + 

T94A A 

+ + 
+ + 

+ + 
+ + 

+ + 
+ + 

+ + 

H112R R 

+ + 

+ + 

N150D D 

+ + 
+ + 

+ + 
+ + 

+ + 

+ + 
+ + 

D222G G 
I123V V 

+ + 
+ + 
+ + 

+ + 
+ + 

+ + 

G264D D 

+ + 

+ + 

+ + 

+ + 

S331G G 

+ + 

+ + 
+ + 
+ + 
+ + 

tl/22 0») 

4500 ) 
422 ) 
411 ) 
388 ) 
333 (  4) 
188 ) 
133 ) 
7.55 ) 
5.88 (  0.2) 
44 (  0.5) 
3.66 ) 
2.22 (  0.2) 

** = + Y228C 

B B 

St-44 4 
4-2* * 
4-15 5 
4-14 4 
4-5 5 
4-6 6 
4-11 1 
4-1 1 
4-7 7 
4-3 3 
4-105 5 

R30C C 

+ + 

+ + 

+ + 
+ + 
+ + 

T50A A 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

Q56R R 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
+ + 

G70D D 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

T94A A 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 

H112R R 

+ + 

N150D D 

+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

D222G G 
I223V V 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

G264D D 

+ + 
+ + 
+ + 
+ + 
+ + 

+ + 

S331G G 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

ti/2(h) ) 

4500 (  29) 
5400 (  53) 
3100 ) 
2955 ) 
2900 (  24) 
2500 (  17) 
1800 ) 
944 ) 
755 ) 
422 ) 
355 ) 

== +A61V 
§§ = +T211I 
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(averagee 4.1 mutations) (Figure 2). This finding correlates well with the two-fold 
molarr excess of wt PAI-1 cDNA used during the DNA shuffling procedure. Every 
mutantt analyzed was unique and all mutations that are present in st-44 were also found 
inn this collection. In contrast, DNA analysis of 14 mutant clones picked after the 
fourthh round showed an average of 8.1 amino-acid substitutions derived from st-44. 
Clearly,, a considerable enrichment had occurred of clones that contained multiple 
mutations,, even though clones containing eight or more st-44-derived mutations only 
representedd a very small fraction (< 0.6%) of the original PAI-l/st-44 cDNA library, 
ass determined by the fitted Poisson distribution (Figure 2). A comparison between the 
half-lifee of purified PAI-1 mutants from the first (10 clones) and the fourth round (10 
clones)) showed that the average half-life of the PAI-1 proteins increased from 20.6 h 
too 221 hours, respectively (Table 3). The half-life of individual clones ranged from 3.6 
hourss (cl 1-15 with two st-44-derived mutations) to 540 hours (cl 4-2 with nine st-44-
derivedd mutations and 1 new mutation), which is 245-fold more stable than wt PAI-1 
(2.22 hours). Table 3 summarizes for individual mutants the correlation between the 
mutationss found and the half-lives determined. Thus, the number of st-44-derived 
mutationss directly correlated with an increase of PAI-1 stability. 

Wtt  w t 41S 415 42 42 45 45 st4 4 St44 

t-PAA . + - + - + - + - + 

WW "1 

t-PA:PAI-1 1 

t-PA A 

PAI-1 1 
PAI-11 (cleaved) 

Figuree 3. SDS-PAGE analysis of selected PAI-1 variants in the presence or absence of 
t-PA.. Purified mutant or wt PAI-1 preparations were analyzed prior to and after 
incubationn with t-PA by non-reducing 10% (w/v) SDS-PAGE, followed by Coomassie 
Brilliantt Blue staining, as described in Materials and Methods. Cleavage of PAI-1 is 
visualizedd by the formation of an additional band after incubation with t-PA, which has 
aa slightly smaller (38 kDa) molecular weight than intact PAI-1 (42 kDa). 

Second-orderr rate constants of inhibition for t-PA and inhibitor versus substrate 
propertiess were characterized for wt PAI-1, st-44 and three of the most stable PAI-1 
mutantss found after backcrossing (4-2, 4-5, 4-15). Significantly, second-order rate 
constantss of inhibition for t-PA were virtually undistinguishable between wt PAI-1 and 
thee different stable mutants: wt = 1.7 x 107 M'lsl; st-44 = 1.1 x 107M"V'; 4-2 = 8.1 x 
1066 IvrV1; 4-5 = 7.0 x 106 M's"1 and 4-15 = 8.8 x 106 MV 1 . These values emphasize 
thatt a virtually complete stabilization of PAI-1 does not necessarily influence the rate 
off proteinase inhibition. This observation was further substantiated by the 
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determinationn of inhibitor versus substrate properties of these PAI-1 variants. PAI-1 
variantss were incubated with t-PA and analyzed for t-PA:PAI-l complex formation by 
SDS-PAGEE (Figure 3). All mutants inhibited t-PA to a comparable extent as wt PAI-1, 
demonstratingg only very limited substrate behavior. Again, this underscores that the 
potentiall for rapid RCL insertion involved in proteinase inhibition is not affected in 
thesee stable PAI-1 mutants. Finally, the binding characteristics of these mutants to Vn 
weree similar to that of wt PAI-1 as determined by SPR analysis, using immobilized 
Vn:: dissociation equilibrium constants below 0.1 nM were measured. 

Discussion n 

Wee report the use of a hypermutated PAI-1 library to study both the additive potential 
off stabilizing mutations and to draw conclusions on the structural aspects of the 
transitionn of the unstable, active form of PAI-1 to its stable, inactive (latent) 
conformation.. This library of PAI-1 mutants was subjected to a phage-display 
selectionn for stable variants, using a stepwise selection scheme. Primarily, phages were 
selectedd that display stable PAI-1 variants; however, additional stringent selection was 
performedd to preserve full inhibitory activity and rapid second-order rate constants of 
t-PA-inhibition.. Analysis of individual mutants revealed an increase in stability up to 
245-fold,, while inhibitory behavior and second-order rate constants for inhibition were 
virtuallyy unaffected. Remarkably, Vn binding was also unaltered in any of the mutants 
testedd in either this or a previous study (Stoop et al., 2000), even though it was not 
subjectedd to selection. Together, these two studies contained mutations at 126 out of 
thee 379 different positions of PAI-1. However, none of the five amino-acid residues 
thatt have been specifically assigned to mediate the interaction with Vn were mutated 
inn our collection (Lawrence et al., \994b). This observation, in addition to results of 
Suii and Wiman (1998), suggests an interdependence between full inhibitory potential 
off PAI-1, including rapid inhibition and unrestricted RCL insertion, and an unaltered 
Vn-bindingg site. 

AA hypothesis for this study was that the cumulative effect of multiple mutations 
wouldd form the basis for an increase in PAI-1 stability without affecting other PAI-1 
properties.. Therefore, a library containing PAI-1 mutants with multiple amino-acid 
substitutionss was used as starting material to select for stable variants (Stoop et al, 
2000).. Since, during the development of this hypermutated library no particular 
selectionn was applied to isolate stable mutants, the introduction of mutations not 
directlyy contributing to stability was likely. Backcrossing of the most stable mutant 
foundd in the first selection (st-44), therefore, aimed at eliminating the non-contributing 
mutations.. Preferentially, stable clones contained at least eight out of eleven st-44-
derivedd mutations in order to exhibit a substantially prolonged half-life without 
displayingg increased substrate behavior (Table 3 & Figure 3). From these experiments 
thee absolute necessity for the presence of each individual mutation can not be inferred, 
duee to the preferential co-segregation of mutations in close vicinity of each other 
duringg the DNA shuffling procedure {e.g. T50/Q56 and D222/I223). Nevertheless, the 
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overalll correlation between the number of st-44-derived mutations and the increase of 
PAI-11 stability strongly suggests that stability is accomplished by the cumulative 
effectt of different mutations. Furthermore, a cooperative effect of the different 
mutationss cannot be excluded. 

Thee results shown in Table 3 may provide some indications to the contribution of 
individuall mutations to stability. For example, apart from the S331G substitution, 
mutantss 4-5 and 4-3 are identical but these proteins differ 6.9-fold in stability, an 
effectt that thus may be contributed to the S331G alteration. Support for this 
interpretationn comes from a comparable stabilizing effect (6-fold) reported upon 
introductionn of this single mutation into a wt PAI-1 context (Berkenpas et al., 1995). 
Alongg these lines, the individual contributions to stability can also be calculated for 
somee other mutations. However, since a potential cooperative affect between different 
mutationss may be present we would argue that over interpretation of Table 3 should be 
avoided.. To determine if a cooperative mechanism underlies PAI-1 stabilization, the 
divergentt effect of a single mutation in two different contexts should be analyzed: each 
mutationn should be introduced singly into wt PAI-1 and removed from the mutant 4-2. 

Tablee 4. Comments on mutations found in the stable PAI-1 mutants st-44 and 4-2. 

Mutatio n n 
R30C C 
T50A A 
Q56R R 
A61V V 
G70D D 
T94A A 
H112R R 
N150D D 
D222G G 
I223V V 
G264D D 
S331G G 

Serpinn consensus* 
none e 

A A 
none e 

Go rV V 
D D 

Ao rG G 
none e 

Dorr E 
Ko rQ Q 
V > I I 
none e 

E E 

Structurall  position9 

thAsóB B 
thBhC C 

hC C 
hC C 
hD D 
s2A s2A 
hE E 

thFs3A A 
s2B B 
s2B B 
hH H 

ts5As4A A 

** Consensus residues are defined from a multiple sequence alignment (J. Whisstock, 
personall communication).s Shorthand description of structural position: t=turn, h=helix, 
s=strand,, so that thAsóB denotes the turn between helix A and strand 6 of sheet B. 

Wee inspected the spatial position of the mutations of the two most stable PAI-1 
mutants,, st-44 and 4-2, using the three-dimensional (3-D) structures of the stable, 
inactivee (latent) and unstable, active form of PAI-1 (Mortonen et al, 1992; Sharp et 
al.,al., 1999) (Figure 4). The structural positions of individual amino-acid substitutions 
aree summarized in Table 4, together with details of the consensus sequence in the 
serpinn family. It is notable that almost half of the substitutions constitute a reversion 
towardss the "serpin consensus sequence" (Whisstock, 1996, and http://smart.embl-
heidelberg.de).. Specifically, the mutations determined at positions 50, 61, 70, 94, 150 
aree all substitutions to consensus residues for (stable) inhibitory serpins. Though not as 
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pronouncedd as in the current study, this trend of stable PAI-1 mutants to revert to the 
generall "serpin consensus" was also seen in the study of Berkenpas et al. (1995) and 
mayy point at evolutionary selection to generate labile PAI-1. 

Stabilizingg mutations tend to be located in areas implicated in mobility of the 
serpinn structure. To a great extent, the conformational changes occurring on cleavage 
orr formation of the inhibited complex mirror those found in the transition to latency. 
Forr oci-antitrypsin, the conformational transition on cleavage has been analyzed in 
termss of a set of relatively rigid fragments connected by hinges (Whisstock et ah, 
2000).. Several mutations are found within hinge or interface regions, where they 
shouldd affect the ease of motions required for the transition to latency. The latency 
transitionn requires an additional flexibility, in which strand 1C is peeled away from 
sheett C and passed through the gate region (Mortonen et ah, 1992), where further 
mutationss are found. 

Overall,, the stabilizing mutations can be grouped into five distinct subdomains of 
PAI-1,, each of which has been associated with the latency transition (Figure 4). These 
findingss are summarized as follows: 

Figuree 4. Localization of stabilizing mutations in three-dimensional structure of PAI-1. 
Mutationss have been grouped in areas of PAI-1 that have been implicated in the latency 
transition. . 
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a)) The Vn binding domain. Substitutions G70D, T94A and H112R are all located in 
thee vicinity of the Vn binding site of PAI-1 (Lawrence et ah, 1994ft; van Meijer et al., 
1994).. This domain is known both to change conformation upon RCL insertion and to 
influencee the rate of various conformational changes involving the opening of sheet A 
(Carrelll & Stein, 1996). In addition, this region is implicated in the binding of low 
molecularr weight inhibitors of PAI-1 (Friederich et al.y 1997 ; Bjorquist et al, 1998) 
andd neighbors the heparin-binding site (Ehrlich et al, 1992; Sui & Wiman, 1998). This 
regionn contains a high density of positively-charged residues (Lys69, Arg76, Lys80, 
Argll5,, Argll8); it is interesting that H112R, which would increase the positive 
chargee density, always occurs together with G70D, apparently counteracting the 
acquiredd positive charge. 
b)) The helix F/loop subdomain. Substitutions T94A and N150D are located in this 
subdomain,, which moves during RCL insertion and is implicated in control of latency 
(Sharpp et al., 1999; Nar et al., 2000). In active PAI-1, Thr94 packs against Hisl43, 
whichh has been implicated in the pH sensitivity of latency (Kvassman et al., 1995). 
Residuee 150 was also mutated (N150H) in the stable quadruple mutant described by 
Berkenpass et al. (1995). 
c)) The helix C subdomain. Substitutions T50A, Q56R and A61V are all close together: 
inn particular A61 forms part of a mobile interface identified in oii-antitrypsin 
(Whisstockk et al., 2000). A T68A mutation in arantitrypsin, structurally equivalent to 
T50AT50A in PAI-1, has been shown to increase stability (Lee et al., 1996). 
d)) The sheet C/"back of the gate" region. Substitutions D222G/I223V and G264D are 
foundd in tins region that is mobile in the stable quadruple mutant of PAI-1 (Sharp, 
2000).. This region forms the back of the gate through which strand 1C (slC) must 
passs in the latency transition. Mutations in this area may influence flexibility and 
hencee the rate of latency transition. This may also influence the stability of sheet C 
itselff by changing the energy barrier to removing slC. 
e)) The proximal hinge, which is obviously of great importance for the latency 
transition.. Substitution S331G is located in this area and is clearly one of the most 
stabilizingg single mutations. 

Basedd on these five subdomains, in which stabilizing mutations are found, we 
proposee the following model for the consecutive steps involved in the latency 
transitionn of PAI-1. First, RCL insertion would occur up to the point where slC starts 
too peel away. Judging from the structure of the ai-antichymotrypsin 5-form (Gooptu et 
al.,al., 2000), about four residues can insert without removing slC. At this point, the helix 
F/loopp subdomain will have to move aside with concomitant conformational changes 
withinn the Vn binding domain and the C-helix, while slC passes through the gate 
region.. Finally, insertion of the remainder of the RCL takes place leading to the latent 
conformation. . 

Takingg the data together, some general remarks can be made with respect to RCL 
insertionn either during PAI-1 transition to latency or during inhibition of the target 
proteinase.. In this study, we demonstrated that it is possible to stabilize PAI-1 245-fold 
withoutt influencing the second-order rate constants of inhibition for t-PA or the rate of 
PAI-11 cleavage by t-PA. Since cleavage of PAI-1 by t-PA is directly related to the 
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facilityy of RCL insertion into P-sheet A (Lawrence et al., 2000), this implies that the 
structurall requirements for PAI-1 transition to latency are not restricted to facile RCL 
insertion.. Furthermore, this argues that the rate-determining step of RCL insertion 
duringg the transition to latency is different from mat for RCL insertion during 
proteinasee inhibition. This deduction, together with the fact that PAI-1 is the serpin 
thatt most easily adopts a latent conformation, indicates that the transition to latency is 
ann independent property of PAI-1, which is not directly related to its function as a 
serinee proteinase inhibitor. Since the mutations found to stabilize PAI-1 were 
predominantlyy reversions to the serpin consensus, we would speculate that during 
evolutionn PAI-1 has preferentially acquired the property to rapidly become inactive. 
Thee physiological advantage of a strict temporal and thermo-sensitive regulation of 
PAI-1PAI-1 activity remains to be determined. 

Material ss and Methods 

Material s s 

Thee murine anti-t-PA MoAb CLB-16 has been described previously (van Zonneveld et 
al.,al., 1987). Two-chain human melanoma t-PA was purchased from Biopool (Umea, 
Sweden)) and the chromogenic t-PA substrate, CH3S02-D-HHT-Gly-Arg-para-
nitroanilidee (Pefachrome t-PA) was from Pentapharm (Basel, Switzerland). The 
EscherichiaEscherichia coli strain XL-1 Blue [F'] and the VCSM13 helper phages were obtained 
fromfrom Stratagene (La Jolla, CA). The construction of the plasmid pMBLl 1-N has been 
describedd previously (van Meijer et al, 1996). Primers used were from Pharmacia 
Biotechh (Roosendaal, the Netherlands). All DNA restriction and modifying enzymes, 
andd bacterial growth media, were purchased from Gibco BRL (Paisley, U.K.) unless 
otherwisee stated. Ampicillin, tetracyclin, and kanamycin were from Sigma (St. Louis, 
MO).. DNA sequencing was done with the ABI 377 DNA sequencer (Foster City, CA). 
Analysiss of DNA sequences was performed with the GCG Wisconsin package 10.0 
(Geneticss Computer Group, Madison, WI). 

Constructionn of a hypermutated PAI-1 librar y 

Previously,, we described the construction of a hypermutated PAI-1 library (Stoop et 
al.,al., 2000). Briefly, wt PAI-1 cDNA was subjected to five rounds of DNA shuffling, 
usingg error-prone conditions that introduce about two amino-acid substitutions per 
round,, leading to about 10 alterations after five rounds. After each round of DNA 
shuffling,, the entire PAI-1 mutant cDNA library was inserted "in frame" with the 
phagee coat protein gp3 of the phagemid vector pComb3 and the resulting mutant 
proteinss were displayed on the surface of phages (Barbas et al., 1991). Prior to the 
nextt round of DNA shuffling, two rounds of phage-display selection were performed, 
withh 0.3 nM t-PA and a capturing anti-t-PA monoclonal (CLB-16). These stringent 
conditionss were applied to select functional, t-PA-inhibiting PAI-1 molecules. After 
fivee rounds of DNA shuffling, a PAI-1 mutant library of 1.0 x 107 independent colony-
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formingg units (cfu) was obtained, with an average of 9.1 amino-acid substitutions per 
clone. . 

Phage-displayy selection for  stable PAI-1 mutants 

Thee hypermutated PAI-1 library was subjected to four rounds of phage-display 
selectionn for stability and activity, with minor modifications to a previously described 
protocoll (van Meijer et al, 1996; Stoop et al, 2000). Briefly, 1011 PAI-1-displaying 
phagess were pre-incubated for 20, 60, 60 and 72 hours at 37 °C in the first, second, 
thirdd and fourth round, respectively. Subsequently, phages were incubated with 0.3 nM 
t-PAA for 1 hour at 37 °C, followed by capture during 1 hour at 37 °C of t-PA:PAI-l 
complexess with anti-t-PA monoclonal antibody CLB-16 mat had been coated to a 
Nuncc Maxisorb plate. After extensive washing and phage elution, phages were 
countedd by plating serial dilutions. Phages were amplified before a next round of 
selection.. After backcrossing of st-44 cDNA with wt-PAI-1 cDNA, the corresponding 
PAI-1-displayingg phages were pre-incubated at 37 °C for 20, 68, 310 and 450 hours, 
respectively,, prior to standard selection for t-PA binding. 

Backcrossingg of stable PAI-1 mutant 

Too determine the additive contributions of the mutations in st-44, this mutant was 
backcrossedd with a two-fold molar excess of wt PAI-1 cDNA. Therefore, high fidelity 
DNAA shuffling was performed as described (Zhao & Arnold, 1997), using Pfu I DNA 
polymerasee with proofreading activity (Stratagene). Typically, wt PAI-1 and st-44 
cDNAA were randomly digested by pancreatic DNase I (Promega, Madison, WI) in the 
presencee of 1 mM MgCl2 and fragments of 40 to 80 basepairs (bp) were isolated from 
10%% (w/v) polyacrylamide gels. Fragments were reassembled in a PCR reaction using 
PfuPfu I DNA polymerase in the absence of primers (40 cycles: 94 °C, 30 sec; 55 °C 30 
sec;; 72 °C, 1 min and 5 sec; per cycle), followed by PCR-amplification with PAI-1 
specificc primers (forward: 5'- GTG CAG CTC GAG CTG CAC CAT CCC CCA TCC 
TAC-3',, reverse: 5'-GCC ACC ACT AGT GGG TTC CAT CAC TTG GCC CAT-3') 
too obtain full-length PAI-1 cDNA. After digestion with restriction enzymes Xhol and 
SpelSpel (cleavage sites are contained within the PAI-1 specific primers), the 
"backcrossed"" PAI-1 cDNA was inserted into the phagemid pComb3 (Barbas et al, 
1991)) and used to transform Escherichia coli XL-1 Blue cells. 

PAI-11 protein purificatio n 

Too characterize individual mutant PAI-1 proteins, the corresponding full-length PAI-1 
cDNAA was inserted into the expression vector pMBLll-N. Subsequently, the proteins 
weree expressed in Escherichia coli XL-1 Blue cells, and purified as described (van 
Meijerr et al, 1996; Stoop et al, 2000). PAI-1 could be stored for several weeks at 4 °C 
inn 20 mM sodium acetate (pH 5.6), 1 M NaCl and 0.01% (v/v) Tween-20 without 
detectablee loss of activity. The protein preparations consisted of >95% pure PAI-1 as 
judgedd by SDS-PAGE and Coomassie Brilliant Blue staining. 
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Analysiss of mutant PAI-1 proteins 

Thee t-PA-inhibitory activity of purified PAI-1 mutants was assessed by two methods. 
First,, serial dilutions of PAI-1 mutant preparations were incubated for 15 min at 37 °C 
withh 4.5 nM t-PA and the residual t-PA activity was determined. For that purpose, 
chromogenicc substrate Pefachrome t-PA (final concentration 0.5 mM) was added and 
thee absorbance at 405 nm was recorded continuously for 1 hour at 37 °C, using a 
Titertekk Twinreader (Flow Laboratories, Irvine, U.K.). Second, t-PA (2 ng) and PAI-1 
mutantt (1 u,g) were incubated for 10 min at room temperature in 20 fil PBS and the 
formationn of complexes of t-PA and PAI-1 was analyzed by 10% (w/v) non-reducing 
SDS-PAGE,, followed by Coomassie Brillant Blue staining of the protein bands. The 
amountt of cleaved PAI-1 indicates the extent of substrate behavior of the protein 
preparation.. To determine the half-life of the various PAI-1 preparations, 60-80 nM 
mutantt PAl-1 protein in PBS was incubated for 25 to 384 hours at 37 °C, depending on 
thee mutants studied. At regular time intervals sub-samples were taken, and residual 
PAI-11 activity was determined by the first method described. 

Kineti cc data analysis 

Second-orderr rate constants for inhibition of t-PA by PAI-1 mutants were determined 
att 37 °C as described (Horrevoets et al, 1993). Briefly, t-PA (0.5 ml, 1 nM) and PAI-1 
(0.55 ml, 1 nM) in Tris Buffered Saline containing Tween-20 (20 mM Tris (pH 7.6), 
1500 mM NaCl, 0.01% (v/v) Tween-20)(TBST), were mixed. At specific time intervals, 
10,, 20, 30, 40, 60, 120 and 180 seconds, aliquots of 50 (xl were withdrawn and the 
reactionn was quenched by diluting 5-fold in TBST buffer containing 2.0 mM of the t-
PAA specific chromogenic substrate, pefachrome t-PA. Residual t-PA amidolytic 
activityy of these aliquots was measured as mentioned above. Plots of residual activity 
(relativee to t-PA activity in the absence of PAI-1) versus time were constructed, and 
analysedd using equation [1]. 

1/Et-1/E00 = k * t [1] 

E,, is residual enzyme activity at t, E0 is enzyme activity at t = 0, enzyme and inhibitor 
concentrationn are equal at t = 0 (E = I), and k is second-order rate constant of 
inhibitionn (M's1) . 

Surfacee plasmon resonance 

Thee binding of purified PAI-1 mutants to Vn was determined by surface plasmon 
resonancee (SPR), using a BIAcore™ 2000 instrument (BIAcore AB, Uppsala, 
Sweden).. Typically, Vn was coupled to a NHS/EDC-activated CM-5 sensor chip, 
usingg free amine groups, to yield approx. 200 resonance units (RU). Subsequently, a 
concentrationn range of mutant PAI-1 (10-90 nM) in HBS buffer (20 mM Hepes (pH 
7.4),, 150 mM NaCl, 3.4 mM EDTA and 0.005% (v/v) P20) was injected for 90 sec at 
aa flow rate of 20 jil/min and the interaction was monitored in real time. Regeneration 
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off the sensor chip surface was done with 5 | J 100 mM H3PO4. All measurements were 
performedd at 25 °C. 
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Abstract t 

Vitronectinn (Vn) is an obligatory cofactor for the inhibition of thrombin by plasminogen 
activatorr inhibitor 1 (PAI-1). It accelerates the rate of association between thrombin and 
PAI-11 more than two orders of magnitude. In contrast, Vn does not accelerate the 
associationn between tissue-type plasminogen activator (t-PA) and PAI-1. Previously, we 
reportedd that the anti-PAI-1 monoclonal antibody (MoAb) CLB-2C8 binds to a short 
stretchh of amino acids of PAI-1, located between residues 128 and 145, and prevents PAI-1 
bindingg to Vn. Furthermore, MoAb CLB-2C8 fully blocks the inhibitory activity of PAI-1 
towardstowards t-PA, emphasizing the importance of this area for the interaction with t-PA. Here, 
wee show that this area is also required for the interaction between thrombin and PAI-1, 
sincee MoAb CLB-2C8 fully prevents inhibition of thrombin by PAI-1. In spite of similar 
structurall requirements for the interaction between t-PA, PAI-1 and Vn and between 
thrombin,, PAI-1 and Vn, the intermediate reaction products are clearly distinct. By 
employingg surface plasmon resonance (SPR), using the BIAcore equipment, and by 
immunoprecipitationn we demonstrate that, in the presence of Vn, t-PA and PAI-1 form 
exclusivelyy equimolar binary t-PA/PAI-1 complexes. Thrombin, PAI-1 and Vn generate 
equimolar,, binary thrombin/PAI-1 complexes and in addition equimolar, ternary 
complexess and multimers. 
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Introductio n n 

Plasminogenn activator inhibitor 1 (PAI-1) is a key regulatory protein of the fibrinolytic 
systemm and acts as the rapid inhibitor of both tissue-type (t-PA) and urokinase-rype 
plasminogenn activators (reviewed in Shleef & LoskutofT, 1988; van Meijer & Pannekoek, 
1995).. PAI-1 is a member of the serine protease inhibitor ("serpin") family of proteins (Ny 
etet al, 1986; Ginsburg et al, 1986; Pannekoek et al, 1986; Andreasen et al, 1986). The 
three-dimensionall structure of a number of these proteins, either in an active or an inactive 
form,, has been established (reviewed in Goldsmith & Mortonen, 1994). The spatial 
structuree of these proteins is similar, consistent with the view that their mechanism of 
actionn is governed by a common principle. Briefly, serpins act as a pseudo-substrate and 
formm a tight equimolar, inactive complex with their target proteins. The formation of stable 
complexess between the serpin and its target protease requires partial insertion of a mobile 
loop,, comprising the reactive center Pi residue, into fi-sheet A of the molecule (Stein & 
Chothia,, 1991). In the absence of a target protease, insertion of the mobile loop inactivates 
thee inhibitor. 

Stabilizationn of the inhibitory activity of PAI-1 requires association with vitronectin 
(Vn)) (Mimuro et al., 1987), an interaction which does not affect the second-order 
associationn rate constant (ki) for t-PA inhibition (Edelberg et al., 1991). Interestingly, 
bindingg of PAI-1 to Vn provides the protein with thrombin-inhibitory properties, thereby 
increasingg the kj about 200 fold (Ehrlich et al., 1990). Similarly, thrombin inhibition by 
PAI-11 is also substantially accelerated by the high molecular weight glycosaminoglycan 
heparinn (Ehrlich et al, 1991a, 1992). In the latter case, evidence has been presented 
demonstratingg that heparin acts as a template to assemble PAI-1 and thrombin, resulting in 
ann acceleration of the interaction between inhibitor and protease (Klein Gebbink et al., 
1993;; van Meijer et al., 1997). Furthermore, the heparin binding site on PAI-1 has been 
preciselyy localized and was found to be composed of the basic residues of the helix D sub-
domainn (Lys65 to Lys88) (Ehrlich et al, 1992). 

Contraryy to studies on the interaction between thrombin, PAI-1 and heparin, the 
mechanismm of interaction between thrombin, PAI-1 and Vn has not been addressed in 
greatt detail. Several independent observations have shown that Vn binds to the region of 
PAI-1,, comprising amino acids between residues 55 to 145 (Lawrence et al., 1994; van 
Meijerr et al., 1994; Padmanabhan & Sane, 1995). Actually, essential amino acids for this 
interactionn are located between residues 128 and 145 (van Zonneveld et al., 1995), since 
thiss area harbors the corresponding epitope of an anti-PAI-1 MoAb (CLB-2C8) that blocks 
thee binding of PAI-1 to Vn (van Meijer et al., 1994). MoAb CLB-2C8 as well as other 
anti-PAI-11 MoAbs that bind to the "110-145 area" also efficiently prevent the inhibitory 
activityy of PAI-1 towards t-PA (Keijer et al., 1991<ar), emphasizing that apart from the 
reactivee center also another region distant from the reactive center is involved in the 
interactionn with t-PA. Here, we exploited the comprehensive knowledge on the properties 
off this particular anti-PAI-1 MoAb CLB-2C8, together with surface plasmon resonance 
(SPR)) and immunoprecipitation using either anti-PAI-1 or anti-Vn MoAbs, to gain insight 
intoo the intermediate reaction products between PAI-1 and Vn and either thrombin or t-
PA. . 
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Results s 

Preventionn of PAI-1-mediated thrombin inhibition by anti-PAI-1 MoAb CLB-
2C8 8 
Wee have shown previously that inhibition of t-PA requires the participation of the 
carboxyl-terminall mobile loop that contains the reactive center (Ehrlich et al, 1990; Keijer 
etet al, 1991Z>) and the area spanned by amino acids 110 and 145 of PAI-1 (Keijer et al., 
1991a).. Furthermore, we reported that, in the presence of either Vn or high molecular 
weightt heparin, PAI-1 is endowed with thrombin-inhibitory properties (Ehrlich et al, 
1990,, 1992; Klein Gebbink et al, 1993). Consequently, in this study we assessed whether 
thee 110-145 area of PAI-1 is also involved in the interaction with thrombin. For that 
purpose,, we used the anti-PAI-1 MoAb CLB-2C8 that has been shown to Mly block PAI-
1-mediatedd t-PA inhibition (Keijer et al., 1991a) and, in addition, to block the binding of 
PAI-11 to Vn (van Meijer et al, 1994). The corresponding epitope of MoAb CLB-2C8 has 
beenn mapped in a sub-region of the 110-145 area, notably between residues 128 and 145 
(vann Zonneveld et al, 1995). Here, we determined the inhibition of thrombin by PAI-1 in 
thee presence of increasing concentrations of anti-PAI-1 MoAb CLB-2C8. To avoid an 
effectt of MoAb CLB-2C8 on PAI-1-binding to Vn, we determined the influence of this 
antibodyy on the inhibition of thrombin in the presence of 1 U/ml of high molecular weight 
heparinn (Figure 1A). The half-maximal concentration (IC50) to block the inhibition of 0.5 
nMM thrombin by 25 nM PAI-1 is approximately 8 nM MoAb CLB-2C8 (0.32 nM 
MoAb/nMM PAI-1). These data are comparable with the capacity of the antibody to block 
inhibitionn of 2.5 nM t-PA by 2.5 nM PAI-1 that yields an IC50 value of about 1 nM MoAb 
CLB-2C88 (0.40 nM MoAb/nM PAI-1) (Figure IB). It should be noted that the anti-PAI-1 
MoAbb binds equally well to active and to inactive (latent) PAI-1. The actual portion of 
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Figuree 1. Effect of anti-PAI-1 MoAbs on the inhibition of t-PA or thrombin, in the presence 
off heparin, by PAI-1. The percentage of inhibition of the amidolytic thrombin activity in the 
presencee of heparin (panel A) or of the amidolytic t-PA activity (panel B) by PAI-1, in the 
presencee of various concentrations anti-PAI-1 MoAb CLB-2C8 (closed circles) and anti-PAI-
11 CLB-8H2 (closed triangles), was determined as described in the section Materials and 
Methods. . 
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activee PAI-1 in the preparation, used in this experiment, is about 25 %. Consequently, the 
IC500 value for the prevention of thrombin-inhibition by PAI-1 in the presence of heparin 
wouldd be 80 pM MoAb CLB-2C8/nM PAI-1, whereas that for t-PA-inhibition would be 
1000 pM MoAb CLB-2C8/nM PAI-1. Finally, we observe no prevention of PAI-1 activity 
forr the inhibition of thrombin or t-PA-inhibition by increasing concentrations of another 
anti-PAI-11 MoAb (CLB-8H2) that binds to an epitope located between residues 235 and 
2833 (Keijer et al, 1991a). Collectively, these observations indicate that the amino-acid 
residues,, located between residues 128 and 145, similarly contribute to the inhibition of t-
PAA and of thrombin, in addition to the reactive center of PAI-1. 

Analysiss of complex formation by surface plasmon resonance (SPR) 

Too compare the mechanism of interaction of thrombin and PAI-1, in the presence of the 
cofactorr Vn, with that of t-PA, PAI-1 and Vn, we employed SPR using the BIAcore 2000 
system.. To that end, either thrombin (Figure 2A) or t-PA (Figure 2B) was immobilized on 
dextran-containingg chips, resulting in an increase of the resonance signal (£RU) of 7600 
andd 4000, respectively. First, the immobilized ligands were incubated with 120 nM Vn as 
thee analyte (Figure 2A and B, arrow I). This control experiment reveals no specific Vn 
bindingg to t-PA (Figure 2B, arrow II), but shows binding (k™ = 1.8 x 105 M1 s"1) and fast 
dissociationn (arrow II; koff = 4.2 x 10"3 s"1) of Vn to thrombin (Figure 2A), yielding a 
dissociationn constant (Ka) of 23 nM. It should be noted that, under these conditions, the 
bindingg of vitronectin to thrombin is not limited by mass-transport effects. If substantially 
higherr concentrations of Vn are employed, then we observe a minor increase in resonance 
unitss (data not shown). After a dissociation periodd of 10 min, a mixture of anti-Vn MoAbs 
Vn77 and Vn25 was injected to demonstrate that virtually no Vn remains on the 
immobilizedd ligands (Figure 2A and B, arrow HI). Subsequently, PAI-l/Vn complexes 
weree employed as analytes and administered by injection (arrow IV). hi both cases, an 
evidentt increase of the resonance signal is obtained (ARU 6440 and 2270, respectively), 
demonstratingg the binding of (a) macromolecule(s) to the immobilized ligands. After 
anotherr dissociation period of 10 min, a significant residual binding is observed for PAI-
l/Vnn complexes (Figure 2A, arrow V), compared to the injection of Vn alone (arrow n). 
Too qualitatively analyze the composition of the complexes formed either with immobilized 
thrombinn or with immobilized t-PA, additional injections were carried out with the mixture 
off the two anti-Vn MoAbs (arrow VI) and, subsequently, with the anti-PAI-1 MoAb MAI-
122 (arrow VÏÏ). Clearly, with anti-Vn MoAbs an increase of resonance is observed with 
immobilizedd thrombin (ARU 1180) (Figure 2A), whereas virtually no increase is obtained 
withh immobilized t-PA (ARU 100) (Figure 2B). An additional resonance signal is detected 
withh the anti-PAI-1 MoAb MAI-12 both with immobilized thrombin and with 
immobilizedd t-PA (ARU 914 and 1453, respectively). It should be noted that MoAb MAI-
122 does neither bind to immobilized t-PA nor to immobilized thrombin (data not shown). 

Thee administration of anti-Vn MoAbs to thrombin/PAI-1/Vn complexes was done after 
100 min at a high flow rate to allow any dissociation of the ternary complex and of aspecific 
Vnn binding. Indeed, dissociation, represented by a significant decrease of the resonance 
signal,, is observed (Figure 2A, arrow V). In view of the virtually irreversible binding 
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Figuree 2. Sensorgram of the 
interactionn between PAI-
1/Vnn complexes and either 
thrombinn or t-PA. Thrombin 
(Panell A) or t-PA (Panel B) 
weree immobilized to the 
sensorchipp as described in 
Materialss and Methods. 
Subsequently,, 120 nM Vn 
wass injected (I), followed by 
aa dissociation period of 10 
minn at high flow rate (II). 
Subsequently,, a mixture of 
anti-Vnn MoAbs (Vn7 and 
Vn25),, each at a 
concentrationn of 100 nM, 
wass injected (HI). Then PAI-
1/Vnn complexes were 

administeredd (IV) (total concentration of 400 nM protein each). Dissociation was allowed 
duringg a period of 10 min at high flow rate (V). Finally, a mixture of anti-Vn MoAbs Vn7 
andd Vn25 was injected (VI) followed by an injection of anti-PAI-1 MoAb MAI-12 (VU). 

betweenn immobilized thrombin and PAI-1, it is conceivable that dissociation is due to loss 
off the Vn moiety from the ternary complex. Alternatively, dissociation may result from 
cleavagee of (part of) PAI-1 by thrombin. In summary, we conclude that the interaction of 
PAI-11 /Vn complexes with t-PA results in binary complexes, composed of t-PA and PAI-1. 
Furthermore,, the reaction between PAI-1 /Vn complexes and thrombin yields ternary 
complexess of thrombin, PAI-1 and Vn. It is conceivable that (part of) the Vn moiety 
dissociatess from these ternary complexes in a time-dependent manner. 

II M VII  VI I 
20000 3000 

Timee (s) 

Analysiss of complex formation of thrombin , PAI-1 and Vn by 
immunoprecipitation n 

SPRR analysis allows a qualitative determination of the composition of complexes. To assess 
thee stoichiometry of the various complexes, immunoprecipitation was employed with 
specificc MoAbs. To that end, incubations were carried out for 10 min with PAI-1 and Vn 
andd either I-labeled thrombin or I-labeled t-PA. Pseudo first-order reaction conditions 
weree chosen for the interaction of thrombin or t-PA, with PAI-1 and Vn, corresponding 
withh a 200-fold excess of PAI-1 versus thrombin or t-PA and a slight excess of Vn versus 
PAI-1.. The incubations were either directly analyzed by SDS-PAGE and autoradiography, 
orr first immunoprecipitated and then subjected to SDS-PAGE and autoradiography. The 
resultss are presented in Figure 3, panel A and B. Direct analysis of the reaction products of 
1255 125 

I-thrombin,, PAI-1 and Vn reveals radiolabeled material with Mr's of 36,000 (free I-
thrombin,, see lane 1), 78,000, 150,000 and >200,000 (Panel A, lane 2). The composition 
off the I-thrombin-containing bands was assessed by immunoprecipitation, followed by 
capturingg of immunecomplexes with protein A-Sepharose beads. The anti-PAI-1 MoAb 
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MAI-122 precipitates the material with H 78,000,150,000 and >200,000 (Panel A, lane 3). 
Att this point, we conclude that the band with Mr of 78,000 represents the SDS-stable, 

125 5 

binaryy complex of equimolar amounts of I-thrombin (Mr 36,000) and PAI-1 (Mr 

42,000).. The mixture of anti-Vn MoAbs Vn7 and Vn25 precipitates the material with Mr's 
off 150,000 and >200,000 (Panel A, lane 4). With respect to the M's of Vn (75,000) and 
thosee of thrombin and PAI-1, it is deduced that the SDS-stable material with H 150,000 
representss a ternary complex, composed of equimolar amounts of thrombin, PAI-1 and Vn. 
Thee stoichiometry of the SDS-stable material, migrating at a position >200,000, is 
unknown.. Nevertheless, it can be concluded that this band contains thrombin, PAI-1 and 
Vn.. An incubation with an irrelevant antibody (polyclonal anti-von Willebrand factor 

125 5 

antiserum)) did not precipitate any of the I-thrombin-containing bands (Panel A, lane 5). 
Finally,, if the reaction between thrombin and PAI-1 was carried out in the presence of 
heparin,, instead of Vn, no precipitation of radioactive material was obtained with anti-Vn 
MoAbss (data not shown). 
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Figuree 3. Immunoprecipitation of complexes between thrombin or t-PA, PAI-1 and Vn. The 
protocoll for immunoprecipitation of complexes between either 125I-labeled thrombin or 125I-
labeledd t-PA and PAI-1/Vn has been described in the section Materials and Methods. 
Radiolabeledd immunecomplexes and non-precipitated material were analyzed by 10% (w/v) 
SDS-PAGEE under non-reducing conditions and the bands were visualized by 
autoradiography.. Panel A: lane 1: thrombin; lane 2: incubation mixture of thrombin, PAI-1 
andd Vn before immunoprecipitation; lane 3: thrombin, PAI-1 and Vn precipitated with anti-
PAI-11 MoAb MAI-12; lane 4: thrombin, PAI-1 and Vn precipitated with a mixture of the 
anti-Vnn MoAbs Vn7 and Vn25; lane 5: thrombin, PAI-1 and Vn precipitated with a 
polyclonall anti-von Willebrand factor antiserum (negative control). Panel B: lane 1: t-PA; 
lanee 2: incubation mixture of t-PA PAI-1 and Vn before immunoprecipitation; lane 3: t-PA, 
PAI-11 and Vn precipitated with anti-PAI-1 MoAb MAI-12; lane 4: t-PA PAI-1 and Vn 
precipitatedd with anti-Vn MoAbs Vn7 and Vn25; lane 5: t-PA PAI-1 and Vn precipitated 
withh a polyclonal anti-von Willebrand factor antiserum (negative control). The position of 
molecularr weight markers is indicated. 

Analogouss experiments were performed with 125I-labeled t-PA, instead of 125I-thrombin 
(Figuree 3, Panel B, lanes 1 to 5). Incubation of ,25I-t-PA (Mr 68,000, see Panel B, lane 1) 
withh PAI-1 and Vn revealed radiolabeled material with a H of 110,000 (Panel B, lane 2), 
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whereass no I-t-PA-containing material of larger H was detected. The composition of the 
l25I-t-PA-containingg band was assessed by immunoprecipitation, followed by capturing of 
immunecomplexess with protein A-Sepharose beads. The anti-PAI-1 MoAb MAI-12 
precipitatess the material with a Mr of 110,000 (Panel B, lane 3). Hence, this band 
representss the SDS-stable, binary complex of equimolar amounts of 125I-t-PA and PAI-1. 
Noo precipitation of 125I-t-PA-containing material is observed with the mixture of anti-Vn 
MoAbss Vn7 and Vn25 (Panel B, lane 4) or with the anti-von Willebrand factor antiserum 
(Panell B, lane 5). To exclude that the absence of ternary complexes of t-PA, PAI-1 and Vn 
wouldd be due to proteolytic inactivation of Vn by t-PA, we used a mutant PAI-1 protein 
(PAI-11 R346M) that inhibits t-PA exclusively in the presence of functional Vn (Keijer et 
al,al, 19916). Indeed, only in the presence of Vn, complexes of I-labeled t-PA and PAI-1 
R346MM were detected upon immunoprecipitation with the anti-PAI-1 MoAb (data not 
shown).. We conclude that thrombin, PAI-1 and Vn form both binary complexes of PAI-1 
andd thrombin and ternary complexes that are composed of equimolar amounts of the three 
differentt components. Furthermore, multimers of these components are formed. By 
contrast,, t-PA, PAI-1 and Vn generate only binary complexes of equimolar amounts of t-
PAA and PAI-1, consistent with previous observations using sub-endothelial matrices as the 
sourcee of PAI-1 /Vn complexes (Mimuro et al, 1987; Declerck et al, 1988), whereas no 
ternaryy complexes and multimers are observed. 

Discussion n 

Thiss study shows that the interactions between t-PA and PAI-1 and between thrombin and 
PAI-11 require similar structural elements on the PAI-1 protein. Apart from the 
contributionn of the reactive center loop, we demonstrate that the thrombin/PAI-1 
interactionn is dependent on the involvement of the 128-145 area of PAI-1, analogous to our 
previouss findings with t-PA (van Keijer et al, 1991a; van Zonneveld et al, 1995). In spite 
off similar structural requirements, the mechanism of the reactions is quite distinct. The 
resultss presented in this study demonstrate that t-PA and PAI-1 form equimolar binary 
complexes,, irrespective of the presence or absence of Vn. By contrast, thrombin, PAI-1 and 
Vnn generate both binary thrombin/PAI-1 complexes as well as equimolar ternary 
complexess and high molecular weight multimers. The latter observation is consistent with 
publishedd data on the formation of complexes between thrombin, Vn and other serpins, 
notablyy antithrombin HI, protease nexin I or heparin cofactor II (Podack et al, 1986; 
Preissnerr et al, 1987, 1988; Tomasini et al, 1988, 1989; RoveUi et al, 1990; de Boer et 
al,al, 1993). It has been proposed that binding of those serpins to Vn induces a 
conformationall change on the Vn moiety, allowing stable (covalent) binding of thrombin 
too Vn (Tomasini et al, 1988, 1989; de Boer et al, 1993). It is conceivable that PAI-1 
wouldd also induce a conformational change that would enable thrombin-binding to Vn. 
Apparently,, such a presumed conformational change does not induce a binding site for t-
PA,, since interaction between t-PA, PAI-1 and Vn yields exclusively binary complexes that 
aree devoid of Vn. 

Furthermore,, the generation of ternary complexes between thrombin, antithrombin HI 
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andd Vn (so-called "STAT complexes'1) results in die exposure of a novel high affinity 
heparinn binding site on die Vn moiety (de Boer et ah, 1992,1993). This novel site enables 
bindingg of STAT complexes to endothelial cells, followed by translocation of these 
complexess to die sub-endothelial matrix (de Boer et a/., 1992,1995). In this compartment, 
mee Vn moiety of STAT complexes can bind PAI-1 and presumably stabilizes its inhibitory 
activityy (Declerck et al., 1988; de Boer et ai, 1995). It remains to be established whether 
ternaryy complexes of thrombin, PAI-1 and Vn and multimers thereof also induce a 
conformationall change of me Vn moiety and whether these complexes are able to bind to 
endotheliall cells, followed by deposition in the sub-endothelium. Subsequently, these 
complexess might be internalized by vascular cells. In this respect, evidence has been 
recenflyy reported mat Vn promotes the binding of thrombin/PAI-1 complexes to the low-
densityy lipoprotein receptor related protein (LRP), present on the surface of 
monocytes/macrophagess and smooth muscle cells (Stefansson et ai, 1996). Those findings 
mayy represent a mechanism for internalization and degradation of thrombin/PAI-1/Vn 
complexes. . 

Thiss study presents new data on the mechanism of the reaction between thrombin, 
PAI-11 and Vn and allows a comparison with that of t-PA, PAI-1 and Vn. Indeed, our 
previouss studies indicated that differences between these mechanisms exist. This 
expectationn is derived from experiments, using matrices of cultured endothelial cells as the 
sourcee of PAI-l/Vn complexes (Ehrlich et al., 1991ft). Addition of either thrombin or t-PA 
too these matrices revealed a striking difference: thrombin cleaves a major part of sub-
endotheliall PAI-1, while substantially less cleavage is observed after administration of t-
PA.. Our recent, kinetic studies with soluble, purified components confirm and extend the 
conceptt that, in the presence of Vn and thrombin, PAI-1 primarily acts as a "suicide 
substrate"" (van Meijer etal., 1995,1997). 

Material ss and Methods 

Materials s 

Thee chromogenic substrates H-I>phenyl-pipenoyl-arginyl-para nitroanilide 
dihydrochloridee (S2238) and CH3S02-D-HHT-grycyl-arginyl-para mtroanilide 
(Pefachromee tPA) were obtained from Chromogenix (Mölndal, Sweden) and Pentapharm 
(Basel,, Switzerland), respectively. Hirudin was obtained from Sigma (St Louis, MO), as 
welll as unfractionated heparin from porcine intestinal mucosa (#H-3125, grade I, Col 29F-
0314;; specific activity 178 U/mg, average molecular weight 15,000-18,000). Protein A-
sepharosee was from Pharmacia (Uppsala, Sweden). Aprotinin was obtained from Bayer 
(Leverkusen,, Germany). 

Proteins s 

Two-chainn Bowes melanoma t-PA (910,000 IU/mg) and the monoclonal antibody MAI-
12,, directed against PAI-1 (corresponding epitope between amino acid residues 320 and 
3799 (20)), were purchased from Biopool (Umea, Sweden). Human thrombin, purified to 
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apparentt homogeneity, was kindly provided by Dr. G. Tans (State University Limburg, 
Maastricht,, The Netherlands). Active-site titration of purified thrombin was done with 
hirudinn (Horrevoets et al, 1993). Thrombin and t-PA were radiolabeled with 125I, using the 
lodogenn method (Fraker & Speck, 1978), resulting in a specific radioactivity of 9.0 and 
10.00 uCi/ug protein, respectively. Radiolabeled thrombin and t-PA were fully active as 
judgedd from the observation that these preparations could be completely converted into 
complexess in me presence of an excess of active PAI-1. Vn was purified from human 
plasmaa to apparent homogeneity as described previously (Preissner et al, 1985). The 
proteinn concentration of the purified preparation was determined by measuring the 
absorbancee at 280 nm (Et% = 13.0) using a H of 75,000 (Dahlback & Podack, 1985). The 
constructionn of wild-type PAI-1 and PAI-1 R346M cDNA (Pannekoek et al, 1986; Keijer 
etet al, 1991/») and the purification of the encoded proteins from extracts of transformed 
E.coliE.coli cells has been described (Sancho et al, 1994; van Meijer et al., 1996). The 
percentagee of active PAI-1 was determined by using a chromogenic assay (Ehrlich et al, 
1990;; Keijer et al., 1991a). This (wild-type) PAI-1 was used for the inhibition of thrombin 
andd t-PA in the presence of MoAbs. In addition, a PAI-1 preparation, purified from 
transformedd E.coli cells, was generously provided by Dr. T.M. Reilly (Dupont de Nemours, 
Wilmington,, DE; approximately 100% active) and was used for surface plasmon 
resonancee as well as immunoprecipitation experiments. The purification and properties of 
thee murine anti-PAI-1 MoAbs CLB-2C8 and CLB-8H2 have been described (Keijer et al., 
1991a).. The corresponding epitope of CLB-2C8 is located between residues 128 and 145 
off PAI-1 (van Zonneveld et al., 1995), whereas the epitope for CLB-8H2 is situated 
betweenn residues 235 and 283 (Keijer et ai, 1991a). Each of these anti-PAI-1 MoAbs 
reactss equally well with active PAI-1 and inactive (latent) PAI-1. The concentration of the 
immunoglobulinss was determined by measuring the absorbance at 280 nm (Eio/o= 13.3) 
(Harloww & Lane, 1988). The murine MoAbs, directed against purified human Vn (Vn7 
andd Vn25) were produced and characterized as described (Stockmann et al., 1993). A 
polyclonall rabbit anti-human von Willebrand factor antiserum was obtained from 
Dakopattss (Glostrup, Denmark). 

Effectt  of anti-PAI-1 MoAbs on the formation of complexes between either  thrombin 
orr  t-PA with PAI-1 

PAI-11 (2.5 nM and 25 nM of active protein for t-PA inhibition and for thrombin 
inhibition,, respectively) was preincubated for 30 min at room temperature in 45 \d 50 mM 
HEPESS (pH 7.4), 100 mM NaCl, 0.1 % (v/v) Tween-80 (HBST buffer), containing various 
amountss of the anti-PAI-1 MoAb CLB-2C8 or CLB-8H2. For thrombin inhibition by PAI-
1,, 1 U/ml of heparin was included Subsequently, t-PA or thrombin was added to a final 
concentrationn of 2.5 nM or 0.5 nM, respectively, followed by an additional incubation for 1 
hh at 37°C in 50 pj. Residual t-PA or thrombin activity was determined after addition of 
2000 ul HBST buffer, containing either 0.625 mM Pefachrome tPA or 0.625 mM S2238, 
respectively,, by recording of the absorbance at 405 nm in a Titertek Twinreader (Flow 
Laboratories,, Irvine, UK), using 1 min intervals. 
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Complexx formation as analyzed by surface plasmon resonance (SPR) 

Thee BIAcore 2000 system and die reagents, including sensorchips CM 5, surfactant P20 
andd the amine coupling kit, containing N-hydroxysuccinimide (NHS), N-methyl-N'-(3'-
aUmemylarnmopropyl)caiixxiiimidee (EDC), ethanolamine hydrochloride and maleate 
buffer,, were from Pharmacia Biosensor AB (Uppsala, Sweden). The HBS buffer consists of 
100 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.005% (v/v) P20 and has been adjusted 
too pH 7.4 at room temperature. Before use, the HBS buffer was filtered through a 0.45 pm 
Milliporee filter and subsequently degassed Immobilization of ligands was performed 
accordingg to the instructions of the manufacturer. Briefly, the carboxyl-methylated dextran 
surfacee of the sensorchip was activated with 0.05 M NHS, 0.2 M EDC. Then, either 35 pi 
off 20 pg/ml thrombin in 5 mM maleate buffer (pH 6.0) or 25 pi of 6 pg/ml t-PA in 10 mM 
sodiumm acetate (pH 4.0) was injected for immobilization. Subsequently, residual NHS-ester 
groupss were sequestered by addition of 1 M ethanolamine hydrochloride. The analytes 
weree administered to the immobilized ligands at a flow rate of 5 pl/min and contained 
0.05%% (v/v) P20 in HBS to prevent aspecific binding. Dissociation of components was 
observedd at a flow rate of 50 pl/min to minimize rebinding of the analytes. Due to covalent 
bindingg of PAI-1, regeneration of the thrombin or t-PA-coated chip after complex 
formationn is not possible. Vn (120 nM) was administered by injection either to the 
thrombin-- or t-PA-coated surface and the association and dissociation phase were 
monitoredd in time. Complexes between PAI-1 and Vn were formed by incubating 400 nM 
Vnn and 400 nMM active PAI-1 for 10 min at room temperature in HBS, 0.05% (v/v) P20. In 
vieww of the dissociation constants (Ka) of Vn for PAI-1 reported, respectively 55 nM 
(Salonenn et al, 1989) to 0.3 nM (Seiffert & Loskutofi; 1991), it is calculated that 70% to 
99%% of the initial PAI-1 is complexed to Vn after the incubation period. PAI-l/Vn 
complexess were injected and the association and dissociation phase was followed. The 
identificationn of different components bound to thrombin or t-PA was verified by injections 
off 100 nM of MoAbs, directed either against PAI-1 (MAI-12) or Vn (mixture of Vn7 and 
Vn25). . 

Immunoprecqpitationn of thrombin/PAI- 1 or  t-PA/PAI-1 complexes formed in the 
presencee of Vn 

Activee PAI-1 (450 nM) was incubated for 10 min at 37°C with 500 nM Vn and 2.25 
nMM 125I-labeled thrombin or 125I-labeled t-PA in 20 mM TRIS-HC1 (pH 7.8), 0.1 M 
NaCl,, 0.1% (v/v) Tween-80. These complexes were directly used for SDS-PAGE 
analysiss under non-reducing conditions and for immunoprecipitations. For 
immunoprecipitations,, 12 pg of MoAbs, directed against Vn (a mixture of Vn7 and 
Vn25)) or 6 pg of a polyclonal anti-human von Willebrand factor antiserum (negative 
control),, was added to the preformed 125I-labeled complexes and incubated for 1 h at 
roomm temperature by "head-over-head" rotation in 250 pi 20 mM TRIS-HC1 (pH 8.0), 
1500 mM NaCl, 0.1% (v/v) Triton-X-100, 0.1% (w/v) bovine serum albumin, 20 U/ml 
aprotininn (TBS buffer), containing a suspension of protein A-Sepharose beads. The 
beadss were washed once with TBS, once with 20 mM TRIS-HC1 (pH 8.0), 150 mM 
NaCl,, once with 20 mM TRIS-HC1 (pH 8.0), 0.5 M NaCl and three times with 20 
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mMM TRIS-HC1 (pH 6.8), 150 mM NaCl. In case an antibody directed against PAI-1 
(99 t̂g of MoAb MAI-12) was used, IPB buffer (20 mM TRIS-HC1 (pH 7.4), 5 mM 
EDTA,, 150 mM NaCl, 0.5 % (v/v) Tween-20) was employed instead of TBS buffer. 
Washingg was done three times with IPB. The supernatant and the pellet of the 
immunoprecipitationn were boiled for 5 min, subjected to 10% (w/v) SDS-PAGE 
underr non-reducing conditions and the bands were visualized by autoradiography. 
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Abstract t 

Thee serine protease thrombin is a mitogen for vascular smooth muscle cells. To that 
end,, thrombin cleaves the surface-exposed protease-activated receptor type 1 (PAR-1), 
resultingg in signal transduction and ultimately, proliferation of these cells. Regulation 
off thrombin activity in the human atherosclerotic vessel wall has not been studied in 
greatt detail, conceivably because the traditional plasma thrombin inhibitor, anti-
thrombinn III, is not encountered at this location. By using immunofluorescence 
confocall microscopy, we demonstrate that the antigens of thrombin, plasminogen 
activatorr inhibitor 1 (PAI-1), and vitronectin (Vn) co-localize in human neointimal 
atheroscleroticc arterial tissue. Furthermore, it is shown by in situ reverse zymography 
thatt these specimens harbor the active form of PAI-1, which is the only configuration 
off PAI-1 capable of complexing with Vn and inhibiting serine proteases e.g. thrombin. 
TwoTwo different criteria were used to establish that neointimal atherosclerotic material 
containss active a-thrombin, namely, its ability to bind to the thrombin inhibitor hirudin 
andd to convert the thrombin-specific chromogenic substrate S2238. The latter activity 
couldd be fully prevented by preincubation with the thrombin-specific inhibitor, phenyl-
prolyl-argenyl-chloromethyll ketone. The thrombin concentration measured by 
conversionn of the chromogenic substrate was 7 to 12 nmol/L in the vascular specimens 
studied.. This concentration range suffices to activate the PAR-1 receptor on vascular 
smoothh muscle cells and cause neointimal proliferation. It is concluded that the human 
atheroscleroticc arterial vessel wall provides conditions that favor a regulatory 
mechanismm of thrombin activity by PAI-1 /Vn complexes. 

126 6 



ThrombinThrombin Regulation by PAI-1/Vitronectin Complexes 

Introductio n n 

Plasminogenn activator inhibitor type 1 (PAI-1) is a multifunctional glycoprotein that 
belongss to the serine protease inhibitor (serpin) superfamily (Huber & Carrell, 1989). 
Itt regulates the fibrinolytic system by rapid formation of inactive, equimolar complexes 
withh its target serine proteases tissue-type (t-PA) and urokinase-type (u-PA) 
plasminogenn activator (reviewed in Deng et at., 1995; van Meijer & Pannekoek, 1995). 
Thee spectrum of PAI-1 target specificity is expanded by defined co-factors. 
Particularlyy in the presence of the glycoprotein vitronectin (Vn) or the 
glycosaminoglycann heparin, PAI-1 efficiently inhibits the serine protease thrombin 
(Shubeitaa et al, 1990; Ehrlich et al, 1990,1991a; Klein Gebbink et al., 1993). In vitro, 
thee presence of either one of these cofactors accelerates the rate of thrombin inhibition 
byy PAI-1 at least two orders of magnitude (Ehrlich et al., 1990; Naski et al., 1993). 
Thee interplay between PAI-1, thrombin, and Vn has been studied in detail, and these 
interactionss are typified by a so-called 'branched suicide substrate' mechanism (van 
Meijerr et al, 1997a). According to this mechanism, the initial enzyme/inhibitor 
Michaeliss complex is converted, presumably via a number of intermediates, into either 
ann inactive thrombin/PAI-1 complex (suicide pathway) or a mixture of cleaved PAI-1 
andd regenerated active thrombin (substrate pathway). The partition ratio for these 
pathwayss depends on the nature of the reactants, their relative concentration, and, in 
definedd cases, the presence of cofactors that may specifically promote one of these two 
reactionss (van Meijer et al, 1997a). 
AA number of arguments can be advanced suggesting that regulation of thrombin 

activityy by PAI-1 /Vn complexes might be relevant in the context of the (diseased) 
vessell wall. First, administration of thrombin to endothelial cell matrixes results in the 
releasee of SDS-stable thrombin/PAI-1 complexes, depending on the availability of Vn 
(Ehrlichh et al, 19916). Apparently these matrixes are devoid of other thrombin-
bindingg serpins, since only SDS-stable thrombin/PAI-1 complexes are encountered. 
Second,, the apparent concentration of the reactants in the vessel wall is sufficiently 
elevatedd for an efficient interaction among the three components. Notably, it has been 
reportedd that the concentration of active PAI-1 in the atherosclerotic vessel wall is 10 
too 23 nmol/L (Padro et al, 1995; Shireman et al, 1996), which is similar to the 
concentrationn of active thrombin as determined in this study. It is expected that the 
concentrationn of vitronectin in the vessel wall exceeds that of PAI-1 and thrombin, 
sincee the plasma concentration of Vn is relatively high (3-6 umol/L) (Preissner & 
Seiffert,, 1998). Most plasma proteins are encountered in both normal and 
atheroscleroticc intima, and their concentration in interstitial fluid is usually 
proportionall to their concentration and size (Smith et al, 1996). Third, different cell 
types,, among which are the monocyte/macrophage and the smooth muscle cell that are 
presentt in the atherosclerotic vessel wall, are equipped to remove thrombin/PAI-1 
complexess by surface exposure of low-density lipoprotein receptor-related protein 
(LRP)) (Lupu et al, 1994). Interestingly, LRP-mediated clearance of thrombin/PAI-1 
complexess is promoted by Vn (Stefansson et al, 1996). This finding agrees with our in 
vitroo study showing that PAI-1, thrombin and Vn form a ternary complex (van Meijer 
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etet al, 1997/»), Taken together, these observations support the hypothesis that thrombin 
activityy in the vessel wall is controlled by PAI-1 /Vn complexes. 

Thee presence and the generation of PAI-1 (Schneiderman et ah, 1992; Lupu et al, 
1993;; Chomiki et al, 1994) and Vn (van Aken et al, 1997) in the vessel wall, 
particularlyy in atherosclerotic lesions, have been reported in several studies. 
Specifically,, an increase of PAI-1 mRNA and antigen in human vascular specimens 
hass been correlated with the progression of atherosclerosis. In those studies, it was 
assumedd that endothelial cells and vascular smooth muscle cells were the primary 
sourcee of PAI-1 biosynthesis. In addition, evidence has recently been presented that 
vascularr smooth muscle cells in the intima and media of human atherosclerotic plaques 
fromfrom carotid arteries synthesize Vn mRNA (Dufourcq et al, 1998). 

Thee presence of active thrombin in the vessel wall has been demonstrated by 
preparingg extracts of atherosclerotic lesions (Smith et al, 1996). In addition, its 
presencee can also be inferred from several independent observations. Specifically, 
vascularr smooth muscle cells in human atherosclerotic arteries express the protease-
activatedd receptor type 1 (PAR-1) on their surface (Nelken et al, 1992), a receptor that 
iss preferentially activated by thrombin. Accordingly, thrombin stimulates proliferation 
off cultured smooth muscle cells (McNamara et al, 1993) and induces PAR-1-mediated 
productionn of cytokines (Kranzhofer et al, 1996). Presumably these effects result in 
thee formation of neointima in vivo. Direct evidence for the importance of thrombin-
promotedd neointima formation comes from experiments in the rat carotid artery 
balloonn injury model. (Rade et al, 1996). Infection with an adenoviral vector encoding 
thee thrombin inhibitor hirudin demonstrated that thrombin-induced neointima 
formationn could be significantly reduced. In aggregate, these observations indicate that 
thrombin,, PAI-1 and Vn are present in the vessel wall, especially under atherosclerotic 
conditions. . 

Thee issue of regulation of thrombin activity in the vessel wall has not been 
addressedd in great detail. In this respect, it is interesting to note that although low 
levelss of antithrombin III (ATIII) have been localized in the subendothelium (Xu & 
Slayter,, 1994; Smith et al, 1996), neither ATIII nor thrombin/ATIII complexes are 
presentt in the deeper regions of the lesion (Smith et al, 1996). In this article, data are 
presentedd that support the hypothesis that PAI-1 /Vn complexes may act as 
physiologicall inhibitors of active thrombin in the atherosclerotic vessel wall. To that 
end,, we examined whether the PAI-1, Vn and thrombin proteins co-localize in human 
atheroscleroticc specimens by using immunofluorescence microscopy. Furthermore, we 
establishedd by in situ activity assays that thrombin and PAI-1 occur in an active 
configurationn in these specimens. On the basis of these results, we postulate that PAI-
1/Vnn complexes regulate thrombin-induced neointima formation. 
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Results s 

Co-localizationn of PAI-1, Vn, and thrombin in vascular  specimens 

Too determine the localization of PAI-1, Vn, and thrombin in human carotid arteries, we 
usedused immunofluorescence confocal microscopy. To simultaneously localize these three 
components,, sections were incubated with primary antibodies directed against PAI-1 
(monoclonall anti-PAI-1; 7F5), Vn (polyclonal anti-Vn antiserum), and thrombin 
(polyclonall anti-thrombin antiserum; SHAT-AP), followed by incubation with the 
respectivee secondary antibodies, each of which was coupled to a different fluorescent 
label.. This triple-labeling analysis revealed that PAI-1 was present throughout the 
neointima,, whereas the most intense staining was encountered in the subendothelium 
(Figuree 1A). The most intense staining for Vn (Figure IB) and thrombin (Figure 1C) 
wass observed in distinct areas within the neointima. When all three staining patterns 
weree superimposed, co-localization of the three antigens, visualized by the appearance 
off a white to pink color, was observed (Figure ID). Extensive colocalization studies 
weree also performed on consecutive sections by using double labeling for Vn/PAI-1 
andd Vn/thrombin. A considerable extent of colocalization of the three proteins was 
found.. To confirm the validity of these observations, a series of different antibodies 
wass used against PAI-1, Vn, and thrombin as indicated in the Methods section. In 
controll experiments, either omitting the primary antibody or replacing the primary 
antibodyy by an isotope-matched, nonimmune IgG, we observed only autofluorescence 
off the internal elastic lamina. In the normal vessel wall, co-localization of PAI-1, Vn, 
andd thrombin was not observed. This is explained by the lower levels of PAI-1 in the 
normall vessel wall (Schneiderman et ah, 1992; Lupu et ai, 1993; Chomiki et aL, 
1994)) and the lack of thrombin generation, although high amounts of prothrombin 
weree found (F.L., unpublished observations, 1999). 

Localizationn of PAI-1 activit y 

Too determine PAI-1 activity, we used immunofluorescent staining for PAI-1 in 
combinationn with in situ reverse zymography. The distribution of PAI-1 antigen was 
detectedd by immunofluorescence (Figure 2A) and was comparable to that found in 
otherr single and triple PAI-1 immunostaining experiments (e.g. Figure 1A). In a 
consecutivee section of the same specimen, PAI-1 activity was detected by in situ 
reversee zymography (Figure 2B). For the latter purpose, a cryosection of unfixed 
saphenouss vein or aortic tissue was preincubated with u-PA. Subsequently, an overlay 
wass added that contained plasminogen and casein, conjugated to FITC. Caseinolysis, 
visualizedd as dark areas due to diffusion of released FITC, is mediated by plasmin that 
iss generated by limited proteolysis of plasminogen by u-PA. Inhibition of u-PA by 
activee PAI-1 results in opaque fluorescent areas due to the lysis resistance of FITC-
conjugatedd casein. In the representative section displayed, we observed a large, lysis-
resistantt neointimal area, while other parts of the section displayed smaller, lysis-
resistantt spots. Clearly, the presence of PAI-1 antigen co-localizes with zones of lysis 
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Figuree 1. Co-localization of PAI-1, Vn and thrombin in atherosclerotic arteries 
visualizedd by triple immunofluorescent staining. An 8 um cryosection of a carotid artery 
wass simultaneously incubated with the murine anti-PAI-1 monoclonal antibody 7F5 
(panell a), a rabbit polyclonal anti-Vn antiserum (panel b) and the sheep polyclonal anti-
thrombinn antiserum SAHT-AP (panel c) and, subsequently, the section was incubated 
withh the matching secondary antibodies, conjugated to different fluorescent labels as 
describedd in Methods. To visualize co-localization of the three antigens, the separate 
imagess were superimposed (panel d). White and pink areas represent co-localization of 
alll three antigens and are indicated by arrows. Each immunofluorescent staining was 
performedd with at least five different cryosections. Autofluorescence is indicated with an 
asterisk.. Magnification is 120 fold. 

resistance,, conceivably due to active PAI-1. Because most of the PAI-1 antigen co-
localizess with this inhibitory activity, we deduced that the majority of PAI-1 in the 
vessell wall was present in an active configuration. Furthermore, we concluded that 
activee PAI-1 is cell associated, as suggested by the distinct lysis-resistant entities, 
presentt in predominantly lysed areas (e.g., the left part of Figure 2B), and by co-
localizationn with ethidium bromide-stained nuclei (data not shown). 

Localizationn and quantification of thrombi n activit y 

Too determine whether vascular specimens contain active thrombin, we incubated 
unfixedd sections with the specific, high-affinity thrombin inhibitor hirudin. Complex 
formationn was subsequently monitored with a rabbit anti-hirudin antiserum, followed 
byy an incubation with a fluorescently labeled secondary antibody. Our results 
demonstratee that thrombin activity was encountered at the center of the neointima, 
whereass only minor staining of active thrombin was found in the media (Figure 3). 
Significantly,, the distribution of thrombin activity was comparable to that of 
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Figuree 2. Localization of PAI-1 activity in atherosclerotic specimens. In panel a, a 
sectionn was studied by immunofluorescent staining for PAI-1 with the anti-PAI-1 
monoclonall antibody 7F5 and the corresponding secondary antibody conjugated to 
FITCC as described in Methods. The area with the largest extent of PAI-1 staining is 
indicatedd with an arrow, the lumen of the section with a L and a fold in the tissue with 
ann asterisk. In panel b, a representative example is given of an in situ reverse 
zymographyy to detect PAI-1 activity. Experimental details and analysis by confocal 
microscopyy is described in Methods. The area, that displays the most pronounced lysis 
resistance,, is depicted by an arrow. The image is displayed using pseudocolor banding 
approachh to emphasize the differences in the extent of lysis. The 256 gray levels scale of 
ann 8 bit image was divided into 9 color-encoded bands (top left-hand corner). The 
lowestt fluorescence levels, equivalent to total lysis of the fluorescent substrate, are 
shownn in dark blue, while the highest fluorescence representing the lysis-resistant areas 
aree shown in white. Panels a and b are consecutive sections of the same specimen. The 
magnificationn is 145 fold. 

Figuree 3. Localization of thrombin 
activity.. An 8 |im cryosection of 
aortaa tissue was incubated with 
hirudinn and, subsequently, stained 
withh an anti-hirudin antiserum and 
withh the corresponding secondary 
antibodyy conjugated to Texas Red as 
describedd in Methods. Staining 
representss active thrombin and is 
localizedd within the neointima 
(indicatedd by n.i.), being between the 

lumenn (indicated with L) and the internal elastic lamina (indicated with an asterisk). For 
consistency,, the image is pseudocolored in blue. The magnification is 150 fold. 

thrombinn antigen found in single- and triple-stained sections (e.g. Figure 1C). No 
stainingg of active thrombin was observed when the incubation with hirudin was 
omitted. . 

Next,, we established whether the amount of active thrombin generated in the vessel 
walll would be adequate for the activation of PAR-1, which is present on the surface of 
vascularr smooth muscle cells in atherosclerotic lesions (Nelken et at, 
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1992).. For that purpose, cryosections of unfixed saphenous vein or aortic tissue were 
preincubatedd in either the presence or absence of 10 nmol/L of the thrombin inhibitor 
PPACK.. Subsequently, the tissue sections were incubated with the thrombin-specific 
chromogenicc substrate S2238, and the optical density at 405 nm was measured at 
differentt intervals. It should be mentioned that at the relatively low concentration of 
PPACKK used (10 nmol/L), thrombin is virtually the only serine protease present in the 
arteriall specimens that will be effectively inhibited (Kettner & Shaw, 1981). 
Preincubationn with PPACK of specimens derived either from saphenous vein or aorta 
resultedd in virtually no thrombin activity (change in absorbance per 3 hours was 1.3 x 
10"33  5.8 x 10"4 and 1.7 x 10"3  5.8 x 10"4, respectively; Figure 4). A preincubation in 
thee absence of PPACK resulted in an increase of the optical density at 405 nm in 3 
hourss of 0.111  0.021 and 0.062  0.014, respectively. We verified that the increase 
inn optical density developed linearly over time. Thrombin activity was quantified by 
calibrationn with a standard a-thrombin preparation and calculated per volume unit of 
tissue.. Consequently, it was determined that the saphenous vein tissue used contained a 
thrombinn concentration of about 7 to 12 nmol/L, whereas the aortic tissue harbored 
approximatelyy 8 to 12 nmol/L thrombin. Clearly, the determined a-thrombin 
concentrationss coincided with the range of concentrations that is required (1 to 10 
nmol/L)) to optimally activate PAR-1 (McNamara et al, 1993). 

Figuree 4. Quantification of 
a-thrombinn activity in 
atheroscleroticc saphenous 
veinn and aorta. Cryosections 
(88 urn) of saphenous vein or 
aorta,, respectively, were pre
incubatedd for 30 min at 37°C 
inn PBS in the presence (+) or 
absencee (-) of 10 nmol/L 
PPACK.. The chromogenic 
substratee S2238 was then 
addedd (final concentration 
0.33 mM) and sections were 
incubatedd for 3 h at 37°C. 

Q Q 
O O 
<J J 

ven aa saphen a aort a a 

Subsequently,, supernatants were analyzed by measuring the optical density at 405 nm. 
Thee data, that have been corrected for the optical density at 405 nm at t = 0, are the 
meann of at least nine determinations and are given with their standard deviation 
(indicatedd by  SD). 

Discussion n 

Wee have previously reported that thrombin is efficiently inhibited in vitro by PAI-1, 
providedd that the inhibitor is complexed to Vn (Ehrlich et al, 1990,199lb). In general, 
thee in vivo relevance of interactions between serine proteases and serpins is governed 
byy a number of criteria, namely, (1) the presence of the target protease, its cognate 
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inhibitor,, and cofactor in the same compartment; (2) the rate of inhibition; and (3) the 
concentrationn of the reactants. According to these criteria, an efficient interaction 
betweenn thrombin and PAI-1 /Vn complexes in the plasma compartment is unlikely due 
too the low concentration of biologically active PAI-1 (Kruithof et al, 1984), in contrast 
too that of the traditional thrombin inhibitor AT-III (Colman et al, 1994). Instead, we 
hypothesizedd that regulation of thrombin activity by PAI-1 /Vn complexes might be a 
relevantt mechanism within the arterial vessel wall. The presence of active thrombin is 
anticipatedd in the neointima, in view of its assumed role as a potent mitogen for smooth 
musclee cells and the occurrence of fibrin deposits within atherosclerotic plaques. 
Accordingly,, by using two different assays, we show here that active thrombin can be 
easilyy demonstrated in atherosclerotic tissue. Actually, most plasma (precursor) 
proteinss are present in both normal and atherosclerotic intima, and usually their 
concentrationss in interstitial fluid are related to their plasma concentration and size 
(Smithh et al., 1996). The generation of thrombin is thought to be initiated by 
coagulationn factor VII/VIIa bound to tissue factor, which is exposed on the surface of 
infiltratingg cells (Taubman et al., 1997). Our findings on active thrombin in the vessel 
walll confirm a previous study on the presence of free a-thrombin in extracts of human 
atheroscleroticc lesions (Smith et al, 1996). Interestingly, thrombin activity is 
predominantlyy detected in the neointima. This observation is consistent with a role for 
thrombinn in the proliferation of smooth muscle cells, which are preferentially present in 
thee neointima. 

Inn this study, we analyzed human arterial specimens by immunofluorescence to 
providee support for the regulatory scheme deduced from in vitro experiments, 
indicatingg that thrombin activity is regulated by PAI-1 /Vn complexes. As contingent 
aidd for this proposal, it should be mentioned that although low levels of the thrombin 
inhibitorr ATIII have been localized in the subendothelial space (Xu & Slayter, 1994), 
noo thrombin/ATIII complexes could be detected in the vessel wall (Smith et al, 1996). 
Thesee observations virtually exclude ATIII as a potential regulator in the 
atheroscleroticc vessel wall in contrast to PAI-1 and Vn, which are abundantly present 
inn this environment. Indeed, we show that thrombin, PAI-1, and Vn co-localize in 
neointimaa of human atherosclerotic arteries, suggesting that this location provides the 
appropriatee conditions for thrombin inhibition by PAI-1/Vn complexes. Obviously, 
thesee observations do not constitute direct evidence for the actual presence of inactive 
ternaryy complexes that are typical for thrombin inhibition (van Meijer et al, 1997b). 
Wee have not attempted to demonstrate the occurrence of ternary complexes in these 
tissues,, since it cannot be excluded that complex formation is generated during 
extractionn of the specimens. Furthermore, active PAI-1 might be converted into its 
latentt (inactive) form during tissue-extraction procedures, as has been experienced by 
otherr investigators (Padro et al, 1995,1997) To prevent potential artifacts, we 
refrainedd from tissue extraction procedures and performed in situ reverse zymography 
onn intact tissues. Consequently, we demonstrated that active PAI-1 is abundantly 
presentt in the arterial vessel wall. As expected, most of the PAI-1 does not co-localize 
withh thrombin, since PAI-1 is synthesized and secreted by endothelial and smooth 
musclee cells and, subsequently, is bound to heparin-containing proteoglycans and 
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vitronectinn (Ehrlich et al, 1990, 1991a). In contrast, active thrombin will be generated 
inn the vicinity of infiltrating cells (Taubman et al, 1997), thereby explaining that the 
majorityy of these reactants will be present in different intravascular compartments. In 
aggregate,, the observed co-localization of thrombin, PAI-1, and Vn in the neointima of 
atheroscleroticc arteries by immunofluorescence analysis and the demonstration of the 
activee forms of PAI-1 and thrombin are consistent with a regulatory mechanism of 
thrombinn activity by PAI-1 /Vn complexes. 

Ourr previous in vitro studies on the interaction between thrombin and an excess of 
PAI-11 /Vn complexes have taught us that thrombin inhibition, accompanied by the 
formationn of ternary complexes, is actually a minor reaction pathway (van Meijer et 
al,al, 1997a). The major reaction constitutes the substrate pathway, resulting in cleavage 
off PAI-1 by thrombin and regeneration of the active protease. We appreciate that this 
branchedd suicide substrate mechanism may have profound effects on the progression of 
atherogenesis,, as exemplified by migration and proliferation of smooth muscle cells. 
First,, direct inhibition of thrombin by PAI-1/Vn complexes would eliminate thrombin 
ass an important trigger for proliferation of smooth muscle cells. The resulting ternary 
thrombin/PAI-1/Vnn complexes are bound by the LRP (Stefansson et al, 1996) that is 
exposedd on the surface of these cells (Lupu et al, 1994) and will be subsequently 
internalizedd and degraded. Hence, it is expected that this pathway efficiently attenuates 
proliferationn of smooth muscle cells. Second, solid evidence has been reported that 
PAI-11 is an essential inhibitor of u-PA-mediated migration of murine smooth muscle 
cellss in both an electric injury model of carotid arteries and in a wound healing model 
(Carmeliett et al, 1997). Accordingly, PAI-1-deficient mice display more pronounced 
neointimaa formation than wild-type mice. In addition, neointima formation of PAI-1-
deficientt mice can be restored on infection with an adenovirus preparation that harbors 
andd expresses intact PAI-1 cDNA. Taking together these observations and our 
previouss findings on the predominance of PAI-1 cleavage by thrombin, it is concluded 
thatt thrombin generation would largely result in PAI-1 degradation, ultimately favoring 
u-PA-mediatedd smooth muscle cell migration. Thus, paradoxically, we predict that the 
generationn of thrombin in the vessel wall and the subsequent regulation of its activity 
byy PAI-1/Vn according to the branched suicide substrate mechanism promote 
migrationn but reduce proliferation of smooth muscle cells. Evidence for this prediction 
mayy come from studies with mice that are deficient in one or more of the components 
describedd in this study and are thus challenged for the development of a neointima. As 
mentionedd before, PAI-1-deficient mice have been generated and display increased 
neointimaa formation (Carmeliet et al, 1997). At present, this phenotype has not been 
analyzedd in Vn-deficient mice in comparison with wild-type mice (Zheng et al, 1995). 
Unfortunately,, direct studies on the effect of thrombin generation on migration and 
proliferationn of smooth muscle cells are not feasible, since homozygous thrombin-
deficientt mice are not viable (Sun et al, 1998). In that case, valuable information 
mightt be obtained by studying mice that are deficient in PAR-1 (Connolly et al, 1996), 
whichh is present on smooth muscle cells and is responsible for thrombin-induced 
proliferation.. We expect that future studies with the indicated genetically modified 
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experimentall animals may provide further insight into the mechanism and 
consequencess of the regulation of thrombin activity by PAI-1 /Vn complexes. 

Material ss and Methods 

Vascularr  Tissue 

Humann vascular specimens were acquired from four different anatomical locations, 
namely,, coronary arteries obtained after heart transplantation, carotid arteries after 
endartectomies,, saphenous veins that had been used as a coronary bypass conduit, and 
aortass obtained after vascular surgery. Each of these specimens displayed 
atheroscleroticc lesions, although neither necrotic cores nor massive lipid deposits were 
present.. The coronary and carotid arteries were used for immunofluorescent staining. 
Forr that purpose, the tissues were fixed for 2 h at 4 °C by immersion in 4% (v/v) 
paraformaldehydee in phosphate-buffered saline (PBS). The tissues were then 
embeddedd in OCT® medium (Miles Scientific, Elkhart, IN) and frozen by immersion 
inn liquid nitrogen-cooled isopentane. The saphenous veins and aortas were used for in 
situu reverse zymography, localization of active thrombin and thrombin activity 
measurements.. This material was embedded without fixation in OCT® medium and 
frozenn by immersion in liquid nitrogen-cooled isopentane. All human specimens were 
obtainedd with informed consent of patients or relatives, according to a protocol 
approvedapproved by the institutional ethical committee. 

Antibodies s 

TwoTwo different antibody preparations were used for the detection of thrombin antigen, 
namelyy a sheep polyclonal anti-human thrombin immunoglobulin (IgG) preparation, 
thatt had been affinity purified (SAHT-AP; Kordia, Leiden, the Netherlands), and a 
murinee monoclonal anti-human thrombin antibody (EST-4; American Diagnostica Inc., 
Greenwich,, CT). The polyclonal antiserum SAHT-AP binds both free thrombin and 
thrombin-thrombinn inhibitor complexes and was used at a 25-fold dilution. For the 
detectionn of PAI-1 antigen, two murine monoclonal anti-human PAI-1 antibodies, 7F5 
andd 12H15, respectively, (kind gifts from dr. P. Declerck, University of Leuven, 
Belgium)) and a rabbit polyclonal anti-human PAI-1 antiserum (American Diagnostica 
Inc.)) were used. Each of these antibodies binds to PAI-1 and to serine protease/PAI-1 
complexess and were used at a 50- to 100-fold dilution. For the detection of Vn antigen, 
aa rabbit polyclonal anti-human Vn antiserum and three murine monoclonal anti-human 
Vnn antibodies (VN7, VN9 and 13H1, generously donated by dr. K.T. Preissner, Max-
Planck-Institute,, Bad Nauheim, Germany) were used. These mono- and polyclonal 
antibodiess bind to human Vn and were used at a 50- to 100-fold dilution. For the 
detectionn of hirudin antigen, a rabbit polyclonal anti-hirudin antiserum (American 
Diagnosticaa Inc.) was used at a 50-fold dilution. Three different fluorescently-labeled, 
secondaryy antibodies were used, namely horse anti-mouse IgG antiserum conjugated to 
FITC,, porcine anti-rabbit IgG antiserum conjugated to Texas Red and donkey anti-goat 
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IgGG antiserum conjugated to Cy5. All secondary antibodies were purchased from 
Vectorr Laboratories (Burlingame, CA) and were used at a 50-fold dilution. 

Immuno-fluorescentt  staining 

Cryosectionss (8 ^m) of fixed tissue were cut and stained with the antibodies as 
describedd in the previous paragraph. To accurately detect and localize thrombin, PAI-1 
andd Vn, we used two to three different monoclonal and polyclonal antibodies that are 
specificc for each antigen. To further establish the specificity of staining, we performed 
thee following negative control experiments: 1) omission of the primary antibody, 2) 
replacementt of the primary antibody with equivalent amounts of isotype matched non
immunee IgG or non-immune serum, 3) incubation with an antibody preparation that 
hadd been pre-absorbed with the purified antigens. Initially, the staining pattern for each 
antigenn was established in single labeling experiments. Immunofluorescent staining 
wass essentially performed as described before (Lijnen et al, 1999). For a simultaneous 
stainingg of thrombin, Vn and PAI-1, the incubations were done as follows: 1) with a 
mixturee of rabbit anti-human Vn antiserum and murine monoclonal anti-human PAI-1 
antibodyy 7F5, 2) with sheep anti-human thrombin antiserum; 3) with a mixture of 
porcinee anti-rabbit IgG conjugated to TexasRed and horse anti-mouse IgG conjugated 
too FITC; and 4) with donkey anti-goat IgG conjugated to Cy5. Each incubation was 
donee for 1 h at room temperature, followed by extensive washing with PBS. 

Confocall  Microscopy 

Sections,, stained by immuno-fluorescence, were analyzed with a BioRad MRC 600 
confocall laser scanning unit attached to a Nikon Diaphot inverted microscope (Bio
Radd Microscience Ltd., Hemel Hempstead, Hertfordshire, U.K.). The light source was 
aa Krypton/Argon laser (Ion Laser Technology, Salt Lake City, Utah) with principal 
lineslines at 488, 568 and 674 nm. In the triple labeling procedure, we have used the Kl, 
K22 and RHS filter blocks for visualization of fluorescein isothiocyanate (FITC), 
Rhodamine/Texass Red and Cy5 staining. The signals of the three fluorophores were 
sequentiallyy collected, using appropriate excitation filters. FITC staining appears in 
green,, Texas Red in red and Cy5 in dark red light. For convenience, the latter was 
pseudo-colouredd in blue. The three 8-bit images were merged using confocal assistant 
softwaree (Bio-Rad Microscience), leading to 24-bit color image. 

Inn situ reverse zymography 

Forr in situ reverse zymography, cryosections (8 [im) were cut from non-fixed tissue 
andd air-dried for 30 min. The sections were pre-incubated for 30 min at room 
temperaturee with 0.1 U/ml u-PA (Ukidan®; Serono laboratories Ltd., Hertfordshire, 
U.K.)) in PBS. Then, a casein overlay was added at 37 °C, containing 1.8% (w/v) 
casein,, 0.2% (w/v) casein-FITC, 1% (w/v) low-melting agarose and 40 u.g/ml 
plasminogenn in PBS. Each of these reagents was purchased from Sigma (St. Louis, 
MO).. For the localization of nuclei, 50 ng/ml ethidium bromide was included in the 
caseinn overlay. A coverslip was mounted on the section and the section was incubated 
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forr 10 min at 4 °C to polymerize the casein overlay. Progression of caseinolysis was 
thenn observed for 60 min at room temperature by confocal microscopy. A consecutive 
sectionn of the same tissue was cut, air dried and fixed for 10 min in ice-cold acetone. 
Subsequently,, this section was used for the localization of PAI-1 antigen by immuno
fluorescence,, according to protocol described above. 

Localizationn of active thrombin 

Forr the localization of active thrombin, cryosections (8 Jim) of non-fixed tissue were 
air-driedd for 30 min. These sections were incubated for 60 min at room temperature 
withh 0.02 IU/ml hirudin (Sigma) in blocking solution and then fixed in ice-cold 
acetone.. Subsequent immuno-fluorescent staining was done as described above. 

Thrombi nn activity assay 

Forr thrombin activity measurements, cryosections (8 pm) of non-fixed vena saphena or 
aortaa were cut, mounted on circular coverslips coated with poly-L-lysine (Fluka, 
Buchs,, Switserland) and applied to a 24-well plate (Falcon®; Becton Dickinson 
Labware,, Lincoln Park, NJ). Sections were air dried and incubated for 30 min at 37 °C 
inn either 10 nmol/L phenyl-propyl-argenyl-chloromethyl ketone (PPACK) (Bachem 
AG,, Bubendorf, Switserland) in PBS or in PBS alone. After the incubation, the 
thrombin-specificc chromogenic substrate S2238 (Chromogenix, Mölndal, Sweden) was 
addedd at a final concentration of 0.3 mM in PBS. The absorption at 405 nm of the 
supernatantt was determined at 60 min intervals. To quantify the thrombin activity, a 
calibrationn curve of serial dilutions of a standard preparation of a-thrombin was 
composed. . 
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Thee main goal of the work described in this thesis was to elucidate different structural 
aspectss of the mechanism of plasminogen activator inhibitor type 1(PAI-1) function. 
Thesee aspects include the conversion of PAI-1 to its latent conformation, the 
modulationn of PAI-1 activity by monoclonal antibodies, and the contribution of the 
Variable-Regionn 1 (VR-1) loop of tissue-type plasminogen activator (t-PA) (VRl0**) 
inn the rapid inhibition of t-PA by PAI-1. In addition, a second subject of interest was 
thee interaction of PAI-1/vitronectin (Vn) complexes with thrombin, an interaction mat 
couldd possibly be of importance in the atherosclerotic vessel wall. In this general 
discussion,, we will focus on the techniques used to study PAI-1, the insights 
developedd on structure-function relationships of serpins in general and PAI-1 in 
particular,, and the proposed link between PAI-1 and thrombin in the atherosclerotic 
vessell wall. 

Techniquess used to study PAI-1 

Too understand the mechanism of PAI-1 function, we aimed to map the interactions of 
PAI-11 with its different ligands at high resolution, if possible to single amino-acid 
residues.. Since, mutations at interacting residues would lead to a "loss of function" it 
wouldd be necessary to test individual clones. Therefore, a strategy was developed 
basedd on the following considerations: a) clones should be properly folded and act as 
activee t-PA inhibitors, b) clones should preferentially have multiple mutations to limit 
thee number of clones to be screened, and c) mutations should be concentrated at 
exposedd residues. These three criteria could be met by the combined use of DNA 
shufflingg and phage-display selection. DNA shuffling is, currently, the most powerful 
techniquee used to engineer new properties into proteins. It is based on homologous 
recombinationn of fragmented DNA in a PCR-based reaction (Stemmer, 1994), which 
hass the advantages of both introducing random mutations, by error-prone PCR, and 
recombiningg existing mutations. Recently, the possibility to even shuffle complete 
genee families has further enhanced the potential of DNA shuffling to optimize protein 
functionn (Crameri et al, 1998). Phage display provides a means to couple the 
genotypee of the mutant protein with its phenotype. The protein of interest is displayed 
onn the surface of the bacteriophage, through fusion with a coat protein thereof, while 
thee corresponding DNA is contained within the bacteriophage (Smith, 1985). With 
phagee display, more than 109 protein variants can be simultaneously subjected to 
selectionn in a single in vitro reaction, making it one of the most robust selection 
techniquess available (review see Rodi & Makowski, 1999). We designated the 
combinationn of these two techniques "Shuffled Proteins On Phages" or SPOP. An 
advantagee of this combination is the potential of DNA shuffling to generate a huge 
molecularr diversity, while the technique of phage display is able to asses this diversity 
efficiently.. In addition, the iterative character of this combination makes it possible to 
performm sequential rounds through which the level of mutations is increased stepwise. 

Inn the case of PAI-1, five rounds of SPOP, using a stringent t-PA-based selection 
procedure,, resulted in the generation of a highly-mutated PAI-1 library. On average, 
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eachh PAI-1 clone contained nine amino-acid substitutions, located preferentially at 
exposedd residues, without loss of t-PA-inhibitory activity. A relatively limited number 
off clones (27) from this library sufficed to unambiguously determine single amino-
acidd residues in PAI-1 involved in recognition of three classes of anti-PAI-1 
monoclonall antibodies. The successful mapping of these sites for protein-protein 
interactionn demonstrated the value of SPOP and the use of hypermutated libraries to 
determinee interaction sites. This hypermutated library was also successfully applied to 
selectt a thermostable variant of PAI-1. It proved possible to increase PAI-1 stability 
245-foldd without loss of any other functional properties of the protein. Analysis of the 
mutationss contributing to the observed increase in stability, indicated an additive or 
possiblyy cooperative effect of the different mutations. Specifically, this hypermutated 
libraryy illustrated the potential benefits of multiple mutations to increase protein 
function.. A similar observation was recently reported for a hypermutated library of a 
single-chainn Fv (scFv) antibody that had been made in one round of mutagenesis 
(Daughertyy et ah, 2000). In that library, an unexpected high frequency of functional 
cloness was found, while gain-of-function mutants were well represented. In our 
library,, the stepwise introduction of mutations combined with a stringent functional 
selectionn will even increase the frequency of functional clones and thereby augment 
thee chances of finding gain-of-function mutants. An important restriction on the 
applicabilityy of hypermutated libraries is the presence of a stringent selection for 
functionall clones. Even though hypermutated libraries contain more functional clones 
thann expected, this number still remains very low (0.17% in a library with 3% 
mutationn rate of scFvs, Daugherty et al, 2000), and it is, therefore, of eminent 
importancee to enrich for these clones. However, bearing this in mind hypermutated 
librariess could prove a very valuable tool in both structure-function studies and protein 
engineering. . 

Serpinn function 

Ass described in the general introduction, PAI-1 belongs to the superfamily of serine 
proteinasee inhibitors (serpins) and inhibits its cognate serine proteinases according to a 
soo called branched-suicide-substrate mechanism [1] (van Meijer et al. 1997). 

" >> U.T " 7 > 

I* * 

EE + i < _ E-i < z E-I° cT : [i] 

Stepp 1 Step 2 3b (E-I)+ 

(EE = enzyme; I = inhibitor; E-I = Michaelis complex; E-I° = acylation of E-I complex; 
(E-I)++ = irreversibly inhibited E-I complex; I* = cleaved inhibitor). 

Inn this thesis we have separately studied the different steps in this mechanism. For the 
analysiss of the first two steps, different variants of thrombin were used as described in 
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Chapterr 3. Of note, PA1-1 inefficiently inhibits thrombin, however, this inhibition can 
bee accelerated 2000-fold by the introduction of the VR-1 loop of t-PA (VRlffA) into 
thrombinn (designated IIa-VRltpA)(Horrevoets et al., 1993). Therefore, comparison in a 
thrombinn context of the VR-1 loop either of t-PA or of thrombin could possibly clarify 
thee relative contributions of the different steps in accelerating proteinase inhibition. In 
addition,, substitution of the reactive-center serine in thrombin by an alanine (Ila-
S205A)) renders the thrombin molecule catalytically inactive. Consequently, the 
reactionn of IIa-S205A with PAI-1 can not proceed past the acylation step and is 
governedd by the formation of the Michaelis complex (step 1 in the mechanism). Taken 
together,, active and inactive thrombin variants were used that either contained their 
ownn VR-1 region or that of t-PA. 

Ass described in Chapter 3, addition of the VR-1 loop of t-PA into thrombin only 
slightlyy (six fold) enhanced the formation of the Michaelis complex, and could not 
fullyy explain the observed 2000-fold increase in inhibition. Since, changes in the last 
partt of the mechanism, the branching, were not observed this led us to conclude that 
thee VR-1 loop of t-PA enhances the acylation step. A speculative explanation for the 
mechanismm by which the VR-1 loop of t-PA enhances inhibition may be the following. 
Duringg inhibition, PAI-1 is cleaved between the RCL residues PI and PI ' . At the 
carboxyl-terminall side of this scissile bond, PAI-1 has two negatively charged residues 
(P4'' and P5' ;E,E) that are known to pair with the positively charged residues in the 
VR-11 loop of t-PA (Madison et al, 1989; 1990a,b). This pairing increases the tension 
onn the PI-PI' bond, leading to rapid separation of the residues flanking the scissile 
bondd upon acylation by thrombin- VRlffA or t-PA. Subsequently, the equilibrium of 
thee acylation step is disturbed and rapid RCL insertion and concomitant inhibition of 
thee proteinase proceeds. In the situation of wild-type thrombin, the lack of tension on 
thee PI-PI'- peptide bond keeps these residues in each others vicinity, while the 
acylationn equilibrium is maintained. Schematically, the mechanism proposed here 
wouldd alter the scheme presented [1]. Instead of a single step 2, this step should be 
splitt into two discrete reactions, a reversible acylation step followed by an irreversible 
stepp in which the PI and PI'residues are spatially separated. Experimentally, this 
hypothesiss could be challenged by mutating the charged residues in either the VR-1 
loopp of t-PA or the RCL of PAI-1. 

Thee branching step was investigated using inhibitory monoclonal antibodies, as 
describedd in Chapter 4. For example, the inhibitory anti-PAI-1 monoclonal antibody 
CLB-2C8,, an effective enhancer of fibrinolysis in animal models (Levi et al, 1992; 
Biemondd et al., 1995), exerts its effect by converting PAI-1 into a substrate for t-PA 
(Björquistt et al., 1999). In the context of the PAI-1 mechanism, this means that the 
branchh leading to complexes of t-PA:PAI-l is blocked. A further explanation is given 
byy the high-resolution mapping of the dominant residue involved in recognition of 
CLB-2C8.. This residue (Lys 154) is located in the loop connecting helix F and (3-
strandd 3A and positioned above the site of RCL insertion into P-sheet A in the latent 
conformationn of PAI-1 (Mottonen et al., 1992). Since, the monoclonal antibody CLB-
2C88 binds active, latent, cleaved and complexed PAI-1 with the same affinity 
(Björquistt et al., 1997), this suggests that the binding site for CLB-2C8 is similarly 
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accessiblee in all different conformations of PAI-1. Meanwhile, the effective inhibitory 
capacityy of the antibody suggests that it blocks a transition state of PAI-1 in complex 
withh t-PA. In our view, these observations suggest that after acylation of PAI-1, the 
proteinasee traverses the binding epitope of CLB-2C8 upon translocation, explaining its 
inhibitoryy effect. However, after stable t-PA:PAI-l complex formation, residue 154 in 
PAI-11 is again similarly accessible as in cleaved or latent PAI-1. This would argue for 
aa comparable conformation in all these three states, including complete RCL insertion. 

AA final aspect of PAI-1 function, its spontaneous transition to a latent 
conformation,, was analyzed in Chapter 5. For that purpose, a PAI-1 variant with a 
245-foldd prolonged half-life was isolated from a hypermutated library, that was 
functionallyy indistinguishable from its wild-type counterpart. The observation that 
thesee two aspects of PAI-1 function (i.e. inhibitory function and latency transition) can 
bee manipulated independently, strongly suggests that the rate-determining step in RCL 
insertionn for inhibition is different from the rate-determining step for RCL insertion in 
thee transition of PAI-1 to latency. In addition, the stabilizing mutations constituted 
largelyy of reversions to the stable serpin consensus, an observation also reported by 
Berkenpass et al, (1995). Taken together, we would hypothesize that the transition of 
PAI-1PAI-1 to a latent conformation is independent of its inhibitory function and has been 
preferentiallyy acquired during evolution. The advantages of a strict temporal and 
thermosensitivee regulation of PAI-1 activity may be most pronounced during 
inflammatoryy disease associated with thrombosis (e.g. Westendorp et al, 1999; 
Hermanss et al, 1999). A merely speculative remark concerning our stable PAI-1 
mutantt would be, that during our molecular evolution of PAI-1 we have not advanced 
butt in contrast have reversed time, leading to the isolation of an archetype PAI-1. 

Interactionn of vitronectin: PAI-1 complexes with thrombin 

AA final aspect of PAI-1 function studied in this thesis was the interaction with 
thrombin,, as described in the Chapters 2, 6 and 7. As noted previously, PAI-1 reacts 
inefficientlyy with thrombin, however, the cofactors heparin and vitronectin can endow 
PAI-1PAI-1 with thrombin-inhibitory properties by accelerating the second-order rate 
constantt of inhibition by more than two orders of magnitude (Ehrlich et ah, 1990). In 
additionn to enhancing the rate of inhibition, both cofactors also increase the apparent 
stoichiometryy of the PAI-1-thrombin interaction, such that approximately seven 
cleavagee reactions occur per inhibition reaction (van Meijer et al., 1997). 

Too start with, we have compared the mechanisms by which Vn/PAI-1 complexes 
inhibitt either t-PA or thrombin (chapter 6). A remarkable observation was the 
differencee in the end products found after inhibition of these two proteinases. 
Whereas,, inhibition of t-PA leads to the formation of only binary t-PA:PAI-l 
complexes,, the inhibition of thrombin results in ternary IIa:Vn:PAI-l complexes. 
Thesee ternary complexes are SDS-stable and multimerize to high-molecular weight 
aggregatess in time (unpublished observation). Previously, van Meijer et al (1997) 
havee reported that, in contrast to heparin, Vn-cofactor activity does not depend on a 
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templatee mechanism, this. Additional experiments using surface-plasmon-resonance 
analysiss of the interaction between Vn/PAI-1 complexes and thrombin variants 
revealedd that, although neither PAI-1 nor Vn separately had high affinity for thrombin, 
thee Vn/PAI-1 complexes bound thrombin efficiently. Moreover, mis complex 
formationn was irrespective of thrombin activity, since catalytically inactive variants of 
thrombinn had been used (Dekker et al., manuscript in preparation). So far, no 
indicationss are available on conformational changes in either Vn or PAI-1 that are the 
causee of the observed increase in affinity for thrombin, since, both Vn and PAI-1 are 
highlyy flexible and conformationally sensitive proteins (studying these two proteins 
togetherr would be like keeping "two cats in a bag" (Deng et al, 1995)). 

AA model for the physiological relevance of the interaction between Vn/PAI-1 
complexess and thrombin, leading to either thrombin inhibition or PAI-1 cleavage, is 
discussedd in Chapter 2. On the basis of that discussion, it was concluded that thrombin 
inhibitionn by Vn/PAI-1 complexes would not be of any relevance in plasma, due to the 
highh levels of competing thrombin inhibitors {e.g. anti-thrombin III). Conversely, in 
thee (atherosclerotic) vessel wall the absence of other thrombin inhibitors would 
providee an environment in which thrombin inhibition through Vn/PAI-1 complexes 
wouldd be of potential relevance. To verify this model, the spatial co-localization of the 
threee corresponding antigens and the activity of PAI-1 and thrombin were determined 
inn human atherosclerotic specimen (Chapter 7). These experiments proved that a first 
prerequisitee for functional interaction of thrombin and Vn/PAI-1 complexes had been 
met.. However, additional experiments, including isolation of cleaved PAI-1 or 
IIa:PAI-l:(Vn)) complexes, will be necessary to determine the exact nature of the 
interactions.. Currently, the use of genetically altered mice that lack either Vn or PAI-1 
providee a valuable tool to study the relevance of this mechanism. In this context, 
experimentss reported by de Waard et al. (2000) have indicated that neointima 
formationn increased after carotid artery ligation in both Vn"A and PAI-1"'" mice as 
comparedd to wild-type mice. Although, several models can be advanced to explain the 
observedd effects, these results are also in agreement with the idea that Vn/PAI-1 
complexess inhibit the mitogenic activity of thrombin. Nevertheless, all evidence in 
supportt of our model is, so far, circumstantial and awaits definite isolation and 
characterizationn of the end products of thrombin interaction with Vn/PAI-1 complexes. 
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Summary y 

Thee function of the protein Plasminogen Activator Inhibitor 1 (PAI-1) in fibrinolysis 
andd atherosclerosis is the subject of this thesis. PAI-1 plays a crucial role in the 
regulationn of the degradation of thrombi, also known as fibrinolysis. In atherosclerosis, 
however,, the exact role of PAI-1 remains a subject of discussion. This thesis can more 
orr less be divided into two parts. On the one hand, we discuss the interaction between 
PAI-11 and tissue-type Plasminogen Activator (t-PA), the major activator of 
fibrinolysis.. This interaction and the structure and function of PAI-1 are studied at the 
molecularr level in chapters 3, 4 and 5. In addition to other methods, we used molecular 
evolutionn of PAI-1 in these studies. On the other hand, we discuss the interaction 
betweenn complexes of PAI-1 with the plasma protein Vitronectin (Vn) and the serine 
proteasee thrombin (chapters 2, 6 and 7), an interaction that would potentially play a 
rolee during the progression of atherosclerosis. The interplay of PAI-1, Vn and 
thrombinn was evaluated at the cellular level in arterial vessels of atherosclerotic 
patientss (chapter 7). These results support the model that has been presented in chapter 
2. . 

Chapterr  1 is the general introduction to this thesis. An overview of PAI-1 
functionn in different patho-physiological processes is given (e.g. in myocardial 
infarctions,, sepsis and cancer). The roles of PAI-1 in these processes have been 
categorizedd into three contexts: a) in fibrinolysis, b) in plasminogen activator (PA)-
mediatedd proteolysis, and c) in vitronectin (Vn)-mediated cell adhesion and migration. 
Ass an introduction to the structure-function studies, we discuss in detail the three-
dimensionall (3D) structure of PAI-1, the mechanism by which PAI-1 inhibits serine 
proteases,, and the spontaneous transition of PAI-1 to an inactive conformation. 
Finally,, different methods are presented, that have been used during the past decade, to 
studyy structure-function relationships of PAI-1. 

Chapterr  2 can be considered an extension of the general introduction. However, 
thee focus is now on the interaction between Vn/PAI-1 complexes and thrombin, which 
iss also the subject of chapters 6 and 7. A model is presented in which thrombin 
inhibitionn by Vn:PAI-l complexes would be of physiological importance in the 
(atherosclerotic)) vessel wall. Subsequently, suggestions are made for experiments to 
validatee this model. These suggestions have been worked out in chapter 7, and extend 
too additional experiments using mice that either lack or overexpress Vn and PAI-1. 

InIn chapter  3, a structural and kinetic study is presented that aims to explain how 
substitutionn of the native Variable Region-1 (VRl/37-loop) of thrombin by the 
correspondingg VR1 of t-PA (thrombin-VRltPA) increases the rate of thrombin 
inhibitionn by PAI-1 by three orders of magnitude. The crystal structure of thrombin-
VRltPAA was resolved and showed a conserved overall a-thrombin structure, but a 
partiallyy disordered VR1 loop as also reported for t-PA. Surface plasmon resonance 
revealedd that the affinity of initial, reversible complex formation between PAI-1 and 
catalyticallyy inactive Serl95-»Ala variants of thrombin and thrombin-VRltPA is only 5-
foldd increased. In addition, the partition ratio of the suicide-substrate reaction between 
thee proteases and PAI-1 was largely unaffected for any variant studied. Finally, kinetic 
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modelingg demonstrated that acylation is the rate-limiting step in thrombin inhibition by 
PAI-1PAI-1 (k ~ 10'3 s"1) and this kinetic block is alleviated by the introduction of the tPA-
VR11 region into thrombin (k > 1 s"1). We propose that the length, flexibility and 
differentt charge architecture of the VR1 loop of t-PA invoke an induced fit of the 
reactivee center loop of PAI-1, thereby enhancing the rate of acylation in the Michaelis 
complexx between thrombin-VRltPA and PAI-1 by more than two orders of magnitude. 

Inn chapter  4, we report the design and validation of a widely applicable procedure 
too generate a library of hypermutated variants of any protein, once certain restrictions 
havee been met. The procedure is a combination of molecular evolution (DNA 
shuffling)) and selection of interesting mutants by phage-display. This hyper mutated 
libraryy can be used to exactly localize amino acid residues essential for a particular 
protein-proteinn interaction. Application of this procedure to PAI-1 resulted in 27 
randomlyy picked clones, which are active and contain an average of 9.1 amino acid 
substitutions.. These mutations were preferentially located on the surface of the protein. 
Alignmentt of the nucleotide sequence of clones defective in the recognition of 
differentt classes of anti-PAI-1 monoclonal antibodies, permitted assignment of single 
amino-acidd residues in PAI-1 that are essential for recognition of these antibodies. 
Fromm the position of these amino-acid residues in the 3D structure of PAI-1 and the 
effectss of the corresponding monoclonal antibodies on t-PA - PAI-1 interaction, it was 
concludedd that a) t-PA inhibition involves complete RCL insertion and b) binding of a 
monoclonall antibody in the vicinity of the proximal hinge of PAI-1 can force the 
transitionn to latency. 

Inn chapter  5, a hypermutated library of PAI-1, which is displayed on 
bacteriophages,, is used to select an extremely stable PAI-1 mutant. Characterization of 
thee mutant indicates that half-life of the active conformation is prolonged 245-fold, 
whilee the protein is functionally indistinguishable from wild-type PAI-1. That the 
contributionss of the ten amino-acid substitutions found in this mutant were additive, 
wass determined by backcrossing the stable mutant with a two-fold molar excess of 
wild-typee PAI-1 cDNA and subsequent selection for stability. The stabilizing 
mutationss are predominantly reversals to the stable serpin consensus sequence and are 
locatedd in areas that have been implied in PAI-1 stability {e.g. Vn-binding domain and 
proximall hinge). In this study we conclude that the transition to latency is an 
independentt property of PAI-1 unrelated to its inhibitory function. In addition, we 
proposee that this property has been acquired preferentially during evolution. 

Inn chapter  6, we divert our focus toward the interaction between PAI-1 /Vn 
complexess and thrombin, which is compared to the interaction between PAI-1 /Vn 
complexess and t-PA. Notwithstanding similar structural requirements for the interaction 
betweenn t-PA, PAI-1 and VN and between thrombin, PAI-1 and VN, the reaction 
productss are clearly distinct. Both surface plasmon resonance and immuno-precipitation 
experimentss demonstrate that, in the presence of VN, t-PA and PAI-1 form exclusively 
binaryy t-PA/PAI-1 complexes. In contrast, thrombin, PAI-1 and Vn generate both binary 
thrombin:PAI-ll complexes and ternary tiirombin:Vn:PAI-l complexes, which 
presumablyy aggregate to multimers. 
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InIn chapter  7, we experimentally support the model presented in chapter 2. We show 
byy immuno-fluorescence confocal microscopy that the antigens of thrombin, PAI-1 
andd Vn co-localize in the neointima of atherosclerotic arterial tissue. By in situ reverse 
zymography,, we demonstrate that these human specimens harbor the active form of 
PAI-1,, which is the only configuration of PAI-1 capable to form a complex with Vn 
andd to inhibit thrombin. Furthermore, this material contains active a-thrombin, since 
thiss tissue binds the thrombin-inhibitor hirudin and converts the thrombin-specific 
chromogenicc substrate S2238. Based on these observations, we conclude that the 
humann atherosclerotic, arterial vessel wall provides for conditions that favor a 
regulatoryy mechanism of thrombin activity by PAI-1 /Vn complexes. 

Finally,, in chapter  8, a general discussion is given of the work performed in this 
thesis.. Here, we discuss the techniques used to study PAI-1, including the applicability 
off hypermutated libraries to study structure-function relationships (e.g. to determine 
sitess of protein-protein interaction) and to engineer proteins. Furthermore, a hypothesis 
iss presented on the mechanism by which VRltPA enhances the interaction between 
thrombinn and PAI-1 and the implications thereof for the overall scheme of the suicide-
substratee mechanism. Recent studies, using mice that lack Vn or PAI-1, are briefly 
discussedd in the context of the proposed link between PAI-1 and thrombin in the 
atheroscleroticc vessel wall. 
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Samenvatting g 
Dee functie van het eiwit Plasminogeen Activator Remmer 1 (PAI-1) in fibrinolyse en 
atherosclerosee is het onderwerp van dit proefschrift. Bij de regulatie van de afbraak 
vann bloedstolsels, ofwel fibrinolyse, vervult PAI-1 een sleutelrol In atherosclerose 
echterr is de exacte rol van PAI-1 nog een onderwerp van discussie. Dit proefschrift 
kann in twee delen gesplitst worden. Enerzijds is er de interactie tussen PAI-1 en 
weefsel-typee Plasminogeen Activator (t-PA), de belangrijkste activator van de 
fibrinolyse.fibrinolyse. Deze interactie en de structuur en functie van PAI-1 worden op moleculair 
niveauu onderzocht in de hoofdstukken 3, 4 en 5. Bij dit onderzoek is o.a. gebruik 
gemaaktt van moleculaire evolutie van PAI-1. Anderzijds is er de interactie tussen 
complexenn van PAI-1 met het plasma eiwit Vitronectine (Vn) en het enzym trombine 
(Hoofdstukkenn 2, 6 en 7), een interactie die mogelijkerwijs een rol kan spelen in de 
progressiee van atherosclerose. Het samenspel van PAI-1, Vn en trombine is op 
cellulairr niveau bestudeerd in arteriole vaten van atherosclerotische patiënten 
(hoofdstukk 7); de resultaten hiervan ondersteunen het model dat in hoofdstuk 2 werd 
gepresenteerd. . 

Hoofdstukk 1 is de algemene introductie bij het proefschrift. Er wordt een 
overzichtt gegeven van de functies van PAI-1 in verschillende patho-fysiologische 
processenn (b.v. myocard infarct, sepsis en kanker). Hierbij wordt de rol van PAI-1 in 
driee verschillende contexten geanalyseerd: 1) de fibrinolyse, 2) de plasminogeen 
activatorr (PA) gemedieerde proteolyse en 3) de vitronectine (Vn) gemedieerde cel-
adhesiee en -migratie. Vervolgens wordt als inleiding bij de structuur-functie studies 
eenn gedetailleerde beschrijving gegeven van de driedimensionale (3D) structuur van 
PAI-1,, het reactiemechanisme van PAI-1 met serine proteases en de spontane transitie 
vann PAI-1 naar een inactieve structuur. Tenslotte wordt een overzicht gepresenteerd 
vann de verschillende methoden die gebruikt zijn om structuur - functie analyses van 
PAI-11 uit te voeren. 

Hoofdstukk 2 is een vervolg op de algemene introductie, waarbij de nadruk nu 
echterr ligt op de interactie tussen Vn/PAI-1 complexen en trombine, het onderwerp 
vann de hoofdstukken 6 en 7. Een model wordt gepresenteerd waarin trombineremming 
doorr Vn/PAI-1 complexen van fysiologisch belang zou zijn in de (atherosclerotische) 
vaatwand.. Vervolgens worden suggesties gedaan om dit model experimenteel te 
valideren.. Hierbij wordt gedacht aan proeven zoals beschreven in hoofdstuk 7 en aan 
hett gebruik van muizen die dan wel deficiënt zijn voor PAI-1 of voor Vn, dan wel 
dezee eiwitten tot overexpressie brengen. 

InIn hoofdstuk 3 wordt een structurele en kinetische studie besproken, die tot doel 
heeftt om te verklaren hoe substitutie van de eigen Variabele Regio-1 (VRl/37-loop) 
vann trombine door de overeenkomstige VR1 van t-PA (trombine-VRltPA) de snelheid 
vann trombineremming door PAI-1 meer dan 1000 keer versnelt. De kristalstructuur 
vann trombine-VRltpA is bepaald en deze laat zien dat de hoofdstructuur van a-
trombinee behouden gebleven is, hoewel de "VRl-loop" deels ongeordend is, zoals ook 
eerderr bepaald is in t-PA. Met behulp van "surface plasmon resonance" is vastgesteld 
datdat de affiniteit van het reversibele complex tussen PAI-1 en katalytisch inactief 
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(Seri955 -> Ala) trombine dan wel inactief trombine-VRl slechts een vijfvoudige 
versnellingg kan verklaren. Bovendien was de verdelingsratio van de "suicide 
substrate"" reactie tussen PAI-1 en trombine grotendeels onafhankelijk van de 
gebruiktee trombinevariant. Uiteindelijk heeft kinetische modellering aangetoond dat 
acyleringg de snelheidsbepalende stap is in trombineremming door PAI-1 (k ~ 10"3 s"1) 
enn dat deze kinetische barrière kan worden beperkt door de introductie van de VRltpA 

inn trombine (k > 1 s"1). Naar onze mening zorgen de lengte, de flexibiliteit en de 
gewijzigdee ladingsverdeling van de VRl-loop van t-PA voor een optimale conformatie 
vann de "reactive center loop" (RCL) van PAI-1. Hierdoor wordt de acylering van het 
Michaeliss complex van trombine-VRl ̂ A en PAI-1 meer dan 100-maal versneld. 

Inn hoofdstuk 4 beschrijven wij het ontwerp en de validatie van een algemeen 
toepasbaree procedure om van ieder willekeurig eiwit een verzameling van hyper 
gemuteerdee varianten te maken, mits aan bepaalde randvoorwaarden wordt voldaan. 
Dee procedure is gebaseerd op een combinatie van moleculaire evolutie (DNA-
shuffling)) en selectie van interessante varianten door presentatie op het oppervlak van 
bacteriëlee virussen (phage-display). Deze verzameling aan mutanten kan vervolgens 
gebruiktt worden om exact de aminozuren te lokaliseren die verantwoordelijk zijn voor 
eenn bepaalde eiwit-eiwit interactie. De methode is toegepast op PAI-1, hetgeen 
resulteerdee in een collectie van 27 willekeurige, actieve PAI-1 varianten met 
gemiddeldd 9.1 aminozuurmutaties per variant. Deze mutaties zijn bij voorkeur aan het 
oppervlakk van het eiwit gelokaliseerd. Vergelijking van de nucleotide sequenties van 
PAI-11 varianten, die een verstoorde binding hebben met verschillende klassen van 
anti-PP AI-1 monoklonale antistoffen, maakt het mogelijk om individuele 
aminozuurresiduenn aan te wijzen, die essentieel zijn voor de binding aan deze 
antistoffen.. Op basis van de lokalisatie van deze aminozuren in de 3D-structuur van 
PAI-11 en de effecten van de bijbehorende antistoffen op de interactie van PAI-1 met t-
PA,, kan geconcludeerd worden dat a) t-PA inhibitie leidt tot volledige insertie van de 
RCLL van PAI-1 en b) binding van een antistof nabij de "proximale hinge" van PAI-1 
dee conversie naar de inactieve vorm kan forceren. 

Inn hoofdstuk 5 wordt een verzameling van hypergemuteerde PAI-1 varianten, die 
gepresenteerdd wordt op bacteriofagen, gebruikt om een extreem stabiele PAI-1 mutant 
tee selecteren. Analyse van deze mutant geeft aan dat de halfwaardetijd van de actieve 
vormm 245 keer is verlengd, terwijl het eiwit functioneel bijna niet te onderscheiden is 
vann wildtype PAI-1. Dat de bijdragen van de tien aminozuurmutaties in deze stabiele 
mutantt additief waren, werd bepaald door de mutant terug te kruisen met een 
tweevoudigee overmaat aan wildtype PAI-1 cDNA, gevolgd door selectie op stabiliteit. 
Dee stabiliserende mutaties blijken vooral reversies naar de stabiele serpin consensus 
sequentiee te zijn en zich te bevinden in gebieden die al eerder geassocieerd waren met 
PAI-11 stabiliteit (bijv. het Vn-bindend domein en de "proximale hinge"). In deze 
studiee concluderen wij dat de eigenschap van PAI-1 om latent te worden onafhankelijk 
iss van de functie van PAI-1 om proteases te remmen, bovendien zou deze eigenschap 
preferentieell zijn verkregen gedurende de evolutie. 

Inn hoofdstuk 6 verschuift de focus naar de interactie tussen complexen van PAI-1 
enn Vn met trombine, waarbij deze reactie wordt vergeleken met die tussen PAI-1/Vn 
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enn t-PA. Ondanks vergelijkbare structurele eisen voor de interacties tussen t-PA, PAI-
11 en Vn evenals voor die tussen trombine, PAI-1 en Vn zijn de uiteindelijke 
reactieproductenn zeer verschillend. Zowel "surface plasmon resonance" als 
immuunprecipitatie-experimentenn onderstrepen, dat in aanwezigheid van Vn, t-PA en 
PAI-11 zich uitsluitend binaire t-PA:PAI-l complexen vormen. Echter, trombine, PAI-1 
enn Vn vormen zowel binaire trombine:PAI-l complexen als ternaire trombine :Vn:PAI-
11 complexen, die waarschijnlijk ook multimeriseren. 

Inn hoofdstuk 7 onderbouwen wij experimenteel het model dat in hoofdstuk 2 
werdd gepresenteerd. Wij tonen m.b.v. immunofluorescente confocale microscopie aan 
datdat de antigenen van trombine, PAI-1 en Vn co-lokaliseren in de neointima van 
atherosclerotischh arterieel weefsel. Dat dit humane materiaal actief PAI-1 bevat, de 
enigee vorm van PAI-1 die in staat is om met Vn te complexeren en trombine te 
remmen,, werd vastgesteld door in situ "reverse" zymografie. Bovendien bevat het 
materiaall ook actief a-trombine, aangezien dit weefsel zowel de trombineremmer 
hirudinee kan binden als in staat is om het substraat S2238, dat specifiek is voor 
trombine,, om te zetten. Op basis van deze resultaten concluderen wij dat de 
atherosclerotische,, arteriole vaatwand voor een omgeving zorgt waarin regulatie van 
trombineactiviteitt door Vn:PAI-l complexen aannemelijk is. 

Tenslotte,, wordt in hoofdstuk 8 een algemene discussie gevoerd over het werk 
datdat in dit proefschrift is beschreven. Besproken worden de technieken die gebruikt zijn 
omm PAI-1 te bestuderen, waaronder de toepasbaarheid van verzamelingen van 
hypergemuteerdee eiwitvarianten om zowel structuur-functie onderzoek te doen als om 
eiwittenn te ontwikkelen. Daarnaast wordt een speculatieve hypothese gepresenteerd 
voorr het mechanisme waarlangs VRltPA de interactie tussen trombine en PAI-1 kan 
versnellenn en de implicaties daarvan op het "suicide substrate" mechanisme. In de 
contextt van de voorgestelde "link" tussen PAI-1 en trombine in de atherosclerotische 
vaatwandd worden in het kort recente resultaten besproken die verkregen zijn met 
zowell PAI-1 als Vn-deficiënte muizen. 
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Nawoord d 

Eindelijkk is het zover, de laatste en meest gelezen woorden van dit proefschrift kunnen 
opgeschrevenn worden. Nu is het de hoogste tijd om al die mensen te bedanken die het 
mogelijkk hebben gemaakt om dit werk in deze vorm te voltooien. Immers, zoals aan 
iederr hoofdstuk te zien is, hebben heel veel verschillende mensen ieder hun bijdrage 
geleverdd aan de totstandkoming van dit proefschrift. 
Allereerst,, is er natuurlijk mijn promotor. Hans, dankbaar ben ik je voor de ruimte en 
hethet vertrouwen dat je me gaf voor mijn "shuffle project". De snelheid waarmee je, 
voorall tegen het einde, mijn stukken tekst door wist te lezen en van commentaar te 
voorzienn is iets waar ikzelf een voorbeeld aan kan nemen. 
Eric,, als kamergenoot, serpinkenner en phage-displayer was het een groot plezier om 
mett je samen te werken en naar je meningen te luisteren. 
Florea,, you showed me the magic of confocal microscopy, thank you and the people in 
yourr lab for a great and productive time in London. 
Laurentt en Ignace, gezamenlijk kijken we terug op een uitstekende samenwerking. 
Dankk voor je gastvrijheid in Cambridge, je bent altijd welkom! 
Randyy and Tim, it was a great pleasure to be introduced by you to the secrets of 3D 
serpinn structures, gates, back of the gate and hinges. 
Anton,, je kritische opmerkingen op mijn shuffle artikelen waren raak en zeer ter zake. 
Rob,, dankzij je geweldige rekenkunsten en ongekend perfectionisme heeft ons 
gezamenlijkk VR-1 verhaal een mooie plaats in dit boekje gekregen. 
Anneliess bedankt voor je hulp bij de laatste proeven, Richard en Marten voor jullie 
computerkennis,, Cars en Cees voor jullie foto's en pdf s en Marja voor de introductie 
vann PAI-1. Tenslotte Vivian veel succes met het vervolg van de PAI-1 proeven. 
Verderr wil ik graag alle niet bij naam genoemde labgenoten op de afdeling Biochemie 
enn anderen in het AMC bedanken voor een erg gezellige en leuke tijd (Washington, 
Houthalen,, Florence, Paleyrac, hockey etc). Het was Mooi! 
Allee andere vrienden, bedankt voor de sociale afleiding die jullie brachten: een 
welkomee afwisseling. 
Thijs,, Nienke en Nadamo, goed te weten dat er een "back-up" is. 
Paranimfen,, ik ben er trots op dat jullie naast mij willen staan op deze dag. 
Pappaa en mamma aan jullie draag ik mijn proefschrift op, immers veel heb ik te 
dankenn aan jullie steun, enthousiasme en interesse. 
Lastt but not least, Ariane, ik hou van je!!! 
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gelopenn bij de vakgroep Biochemie van de LUW (o.l.v. Dr I. Rietjens), bij de 
vakgroepp Biochemie van de Faculteit der Geneeskunde aan de Universiteit van 
Amsterdamm (o.l.v. Drs. A. Kal en Prof. dr H.F. Tabak) en bij de afdeling Life Sciences 
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Stellingenn behorende bij het proefschrift 

Plasminogenn Activator  Inhibito r  1: 
Functionn in fibrinolysis and atherosclerosis 

1)) De aanwezigheid van PAI-1, vitronectine en trombine in de atherosclerotische 
vaatwand,, in combinatie met eerdere in vitro interactie studies, suggereren een 
mechanismee waarbij PAI-1/vitronectine complexen locaal de activiteit van 
trombinee reguleren. 

2)) De snelheid waarmee PAI-1 remt wordt niet alleen bepaald door de snelheid 
vann loopinsertie echter ook door de snelheid waarmee de acyleringsreactie van 
hett protease plaatsvindt 

3)) De illusie van het hebben van verstandd van zaken werkt eerder remmend dan 
versnellendd bij de ontwikkeling van eiwitten. 

4)) Moleculaire evolutie is tijdloos. 

5)) Hoe eenvoudiger de selectie, hoe productiever het resultaat. 

6)) Voor het aanpassen van een bepaalde eiwitfunctie, zonder dat dit ten koste 
gaatt van andere eiwitfuncties, bieden verscheidene coöperatieve mutaties een 
uitweg. . 

7)) De evolutie van eiwitten is al lang en breed geoptimaliseerd door de natuur. 

8)) Het economische belang op langere termijn van fundamenteel 
wetenschappelijkk onderzoek wordt consequent onderschat. 

9)) Voor bewondering van natuurschoon in Nederland is een selectief blikveld 
gewenst. . 

10)) De tendens om de prestaties van afdelingen aan de universiteit te beoordelen 
zuiverr op input-output analyses belemmert de omschakeling van onderzoek naar 
vernieuwendee deelgebieden. 

A.. Allart Stoop 
111 oktober 2000. 





Plasminogenn activator inhibitor 1 (PAI-1) is a 
regulatoryy protein that plays a crucial role in 
settingg the balance between two opposite 
physiologicall processes, blood coagulation and 
fibrinolysis.. For that purpose, PAI-1 inhibits 
thee activation of the fibrinolytic system and 
thuss the dissolution of a thrombus. The 
fibrinolyticc system is a cascade of proteolytic 
enzymess that have to be activated to exert their 
function.. In plasma, the target proteinase of 
PAI-11 is tissue-type plasminogen activator (t-
PA),, the major activator of the fibrinolysis. 
Thee primary aim of this thesis is a detailed 
elucidationn of the t-PA - PAI-1 interaction 
mechanism.. Insight in this mechanism not 
onlyy teaches us specific molecular aspects of 
PAI-1,, but also serves to acquire structural and 
functionall knowledge of the serine proteinase 
inhibitorr ("serpin") family to which PAI-1 
belongs. . 

Inn addition to inhibiting t-PA, complexes of 
PAI-11 and the adhesive glycoprotein 
vitronectinn (Vn) also inhibit the serine 
proteinasee thrombin. The second aim of this 
thesiss is to determine the mechanism of this 
interactionn and its potential physiological 
relevance.. The working hypothesis was that 
PAI-11 /Vn complexes would inhibit the 
mitogenicc activity of thrombin, a mechanism 
thatt would be particularly relevant in the 
vessell wall of atherosclerotic arteries. 

Inn conclusion, this thesis should be considered 
ass a biochemical and molecular biological 
analysiss of structure-function relationships of 
PAI-1.. It emphasizes on the one hand the 
structurall requirements of PAI-1 for 
interactionn with t-PA or thrombin and on the 
otherr hand the methodology to study these 
interactions.. Finally, since both inhibition and 
administrationn of PAI-1 could be of potential 
clinicall benefit, in depth knowledge of PAI-1 
structuree and function may be of importance in 
thee future development of PAI-1 agonists or 
antagonistss to combat defined pathologies, e.g. 
thrombosiss and atherosclerosis. 
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